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Preface to ”Advanced Textile Based Polymer
Composites: Synthesis, Characterization and
Applications”

In contemporary society, the use of textiles is far more advanced than ever before. Technical

textiles, textile-reinforced composites, and textile use in the fashion industry are common examples.

The demand for textiles as a reinforcement for composites has grown exceptionally as a result of the

promotion of green chemistry and cost effectiveness. The fabrication of textiles and polymer-based

composites as advanced and multifunctional materials in applied industries is a primary aim of this

book. Textile materials, their structures, surface-treated textiles, nanocoated textiles, mathematical

modeling, and the use of artificial intelligence (machine learning) for the prediction of most

important parameters; textile material reinforcement in composites and polymer composites; and

the synthesis, characterization, and applications of textile-based polymer composites for economic

and environmental sustainability are some of the topics covered in this reprint.

This reprint covers the following research topics:

• Synthesis and characterization of functional textiles—natural, synthetic, blended, etc.;

• Synthesis and characterization of polymer composites—natural, synthetic, hybrid, inorganic,

etc.;

• Analysis of developed composites—interfacial, mechanical, thermal, physical, etc.;

• Surface treatment of textile-based polymer composites—coating, sorption processes. etc.;

• Modelling and simulation of textile-based polymer composites—artificial intelligence, machine

learning, process optimization, statistical analysis, etc.

Researchers, technologists, and students who are interested in textile-based polymer composites

would find this reprint useful. I would like to take this opportunity to thank all the authors for their

work and support. I would like to thank the production team of the publishing company for their

continued support in getting this reprint to its current form.

Muhammad Tayyab Noman and Michal Petrů

Editors

vii
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Abstract: Zinc oxide (ZnO) in various nano forms (nanoparticles, nanorods, nanosheets, nanowires
and nanoflowers) has received remarkable attention worldwide for its functional diversity in different
fields i.e., paints, cosmetics, coatings, rubber and composites. The purpose of this article is to
investigate the role of photocatalytic activity (role of photogenerated radical scavengers) of nano ZnO
(nZnO) for the surface activation of polymeric natural fibres especially cotton and their combined
effect in photocatalytic applications. Photocatalytic behaviour is a crucial property that enables nZnO
as a potential and competitive candidate for commercial applications. The confirmed features of
nZnO were characterised by different analytical tools, i.e., scanning electron microscopy (SEM), field
emission SEM (FESEM) and elemental detection spectroscopy (EDX). These techniques confirm the
size, morphology, structure, crystallinity, shape and dimensions of nZnO. The morphology and size
play a crucial role in surface activation of polymeric fibres. In addition, synthesis methods, variables
and some of the critical aspects of nZnO that significantly affect the photocatalytic activity are also
discussed in detail. This paper delineates a vivid picture to new comers about the significance of
nZnO in photocatalytic applications.

Keywords: nZnO; photocatalytic activity; polymeric fibres; cotton; stabilization

1. Introduction

The last two decades are eye witness to a prestigious revolution made by nano sci-
ence, as researchers enlarge their circle for nanomaterials especially metal oxide-based
nanomaterials, i.e., zinc oxide (ZnO). Nano ZnO (nZnO) composed of different forms
of nanostructures i.e., nanoparticles, nanorods, nanowires, nanobelts, nanosheets and
nanoflowers, has gained significant attention from researchers for the fabrication of sen-
sors [1–3], medical devices [4–7], composites [8–11] and photocatalysts [12–14] for various
applications [15–18]. nZnO is a fascinating material that possesses and reveals exceptional
physicochemical properties when used in photocatalytic applications. As a semiconductor,
ZnO has high thermal conductivity, high exciton binding energy (60 m eV), high electron
mobility and wide band gap, i.e., 3.2–3.4 eV [19]. The potential of photocatalytic activity
of nZnO expands its scope in biomedical [20], industrial [21,22], catalysis [23,24], coat-
ings [25,26], sensors [27,28], textiles [29,30] and energy conversion devices, i.e., fuel and
solar cells [31]. nZnO has also been used in personal (sunscreen) and beauty care (cosmetics)
products due to excellent ultraviolet (UV) absorption properties. UV rays are considered as
the primary cause of skin diseases, i.e., wrinkles, skin cancer, aging and sunburns. On the
nanoscale, ZnO shows significantly high optical, electronic and antimicrobial properties
and due to these properties—nZnO provides great protection against the breaking down of
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skin collagen and the skin regeneration mechanism. Therefore, the addition of nZnO in the
formulation of cosmetics not only protects our skin from harmful rays (UV-B and UV-A)
but also enhances the attractiveness of beauty care. The photocatalytic activity of nZnO
and its effects on the morphology of fibrous surface is a topic of great interest that should
be addressed in detail. The literature discussed above only explains the application of
photocatalytic activity of nZnO in different fields. However, the role of radical scavengers
produced during the process of photocatalysis and their typical effect on the morphology
and surface topography of polymeric fibrous material is still an area of investigation for
the explanation of enhanced photocatalytic activity. As well as the authors searched, there
was no such literature available on this hot issue. Therefore, our investigation provides an
up-to-date knowledge on the role of photogenerated charge carriers (radical scavengers)
and their induced potential for enhanced photocatalytic activity of nZnO and their com-
bined effect on surface topography of polymeric fibrous materials. This investigation
delineates a gateway for newcomers and experienced researchers in their respective areas
as a valuable reference. In order to achieve our objectives, this review paper discusses the
latest literature under two categories, i.e., the development of nZnO coated textiles and the
role of photocatalytic activity on surface properties.

Polymeric fibres (cotton, polyester, jute, polyamide, wool and polypropylene) have
been widely used in many fields of life due to versatility in their different properties.
Surface roughness, porosity and capillary imbibition action in porous media are some of
the very important properties of polymeric fibrous materials from textiles and composites
point of view. Xiao et al. reported the application of a fractal model for capillary flow
through a single tortuous capillary with surface roughness in porous media. The derived
model is tested against imbibition mass and imbibition height. The results revealed that
both of these characteristics decreased with an increase in relative surface roughness. It was
also observed that the equilibrium time for rough surfaces decreased with an increment in
relative roughness [32].

In a different study, Xiao et al. studied the fluid transport through fibrous porous
media under a fractal model with dimensionless permeability and Kozeny–Charman
constant. The obtained results were in good agreement with the previously performed
studies and with the experimental data. The results explain that the physical phenomenon
of fluids transport through porous media can be elucidated in a better way with this
fractal model as the values of the Kozeny–Charman constant increases with an increase
in porosity, tortuosity fractal dimension, relative roughness and pore dimensions [33].
Polysaccharides are a class of renewable and sustainable natural polymeric carbohydrates
including chitosan, cellulose, gum, starch, alginate, pectin and chitin. The applications
(energy storage devices, medical devices, composites, sorbents, nano catalysts and light
weight porous materials) of these polymeric carbohydrates have increased tremendously
during the last few years due to their biodegradability, non-toxicity, sustainability and
environmentally friendly benefits [34–37]. In a recent study, Ahmed et al. discussed the
benefits of chitosan and chitin in the fabrication of carbon-based composites for waste
water treatment. They reported that due to mechanical properties and easy handling,
these biopolymers not only show excellent compatibility for all kind of carbonaceous
materials like carbon nanotubes, graphene, biochar, activated carbon and graphene oxide
but also provide excellent results for the adsorption of water pollutants [38]. In a review
article, Nasrollahzadeh et al. elucidated the role of bio polysaccharides, i.e., chitosan,
pectin, cellulose and alginate in waste water treatment. Natural biopolymers are excellent
candidates for the elimination of aqueous contaminants and aquatic pollution when utilised
as nano sorbents or nano catalysts in the composition of nanobiocomposites. A list of the
most used biopolymers or polymeric carbohydrates is presented in Figure 1 [39].

2



Polymers 2021, 13, 1227Polymers 2021, 13, x FOR PEER REVIEW 3 of 18 
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gene delivery) of nZnO and explained that physicochemical properties are responsible for 
a dramatic change in nZnO behaviour and differentiates nZnO from its bulk counterpart. 
ZnO associated photocatalysis is a type of heterogeneous photocatalysis where the reac-
tants, photocatalysts and the products are in different phases during the reaction mecha-
nism. They discussed the effects of crystallinity, particle size and surface morphology on 
the performance efficiency of nZnO [40]. Nada et al. reported a successful allocation of Zn 
element in the polymer matrix of chitosan gelatine-based hybrid nanobiocomposites. Acid 
catalysed amino addition reaction was observed during the incorporation of zinc, inside 
the chitosan matrix and later on, the nanofibers of zinc incorporated chitosan were devel-
oped by an electrospinning process. The results elucidate that chitosan nanofibers with 
the addition of zinc element showed excellent antimicrobial properties [41]. However, it 
is still believed that our approach towards the critical aspects of photocatalytic perfor-
mance of nZnO is exceptional and provides a vivid analysis for future studies. In addition, 
this review paper uncovers new horizons for researchers working with textiles and pro-
vides new ideas about the utilization of nZnO in photocatalytic applications. 

In recent years, plenty of articles have been published explaining the significance of 
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permission from Reference [39]. Copyright 2021, with permission from Elsevier.

In our study, the range of polymeric fibres covers from cotton, jute, flax and their
combinations with other fibres for a comparative analysis of photocatalytic activity of
nZnO coated and noncoated samples. In a recent article, Theerthagiri et al. reviewed bio-
logical and energy applications (electrochemical supercapacitors, lithium-ion batteries, dye
sensitised solar cells, photocatalyst, bioimaging, sensors, drug delivery, toxicity and gene
delivery) of nZnO and explained that physicochemical properties are responsible for a dra-
matic change in nZnO behaviour and differentiates nZnO from its bulk counterpart. ZnO
associated photocatalysis is a type of heterogeneous photocatalysis where the reactants,
photocatalysts and the products are in different phases during the reaction mechanism.
They discussed the effects of crystallinity, particle size and surface morphology on the
performance efficiency of nZnO [40]. Nada et al. reported a successful allocation of Zn
element in the polymer matrix of chitosan gelatine-based hybrid nanobiocomposites. Acid
catalysed amino addition reaction was observed during the incorporation of zinc, inside the
chitosan matrix and later on, the nanofibers of zinc incorporated chitosan were developed
by an electrospinning process. The results elucidate that chitosan nanofibers with the
addition of zinc element showed excellent antimicrobial properties [41]. However, it is
still believed that our approach towards the critical aspects of photocatalytic performance
of nZnO is exceptional and provides a vivid analysis for future studies. In addition, this
review paper uncovers new horizons for researchers working with textiles and provides
new ideas about the utilization of nZnO in photocatalytic applications.

In recent years, plenty of articles have been published explaining the significance
of nZnO as a photocatalyst [42]. However, there is still a vacant place to dig up for
dimensions, synthesis routes and variation in size, that can explain the photocatalytic
behaviour of nZnO in a better way. The recent literature explains the selection of a suitable
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synthesis route and that is very important to control the size and to harness maximum
photocatalytic performance. Therefore, we started with synthesis routes and important
variables involved during the synthesis, then discussed their critical exigency for better
photocatalytic activity, elaborated on individual articles that provided new insights and
ended up with photocatalytic applications of nZnO coated textiles. Synthesis routes
and parameters elucidated a crucial impact on the dimensional stability of nZnO. In an
experimental study, Abramova et al. developed medically proven antimicrobial textiles by
coating sol-gel synthesised nZnO on the surface of fabric through ultrasonic irradiations.
They explained that the fabricated samples coated with zinc oxide in combination with
titanium dioxide exhibited 99.99% suppression level of Escherichia coli (E. coli). These
results reveal that sol-gel is an excellent method to deposit nanostructures on the surface
of textiles [43]. Barreto et al. used a microwave-assisted method for the fabrication of
nZnO and found that selected variables and reagents, i.e., temperature, additives, time
and microwave power impart significant impact on growth, morphology, shape and size
of nZnO. They explained that the addition of surfactants enhances the photocatalytic
performance of nZnO to a significant level [44]. In a recent study, Noman et al. synthesised
ZnO nanoparticles (ZnO NPs) via sonication and coated them on cotton and polyester
fabrics with varying thickness. The results reveal that a smooth nZnO coating on both
fabrics significantly depends on ultrasonic irradiation’s time and intensity. Moreover,
longer irradiation time enhances the porosity that allows nZnO to go deeper and creates
a smooth layer on both fabrics. These results depict that a higher amount and a smooth
coating of nZnO significantly enhance the photocatalytic performance of investigated
samples [45]. It is observed from the previous literature that the structure of ZnO plays a
crucial role in the augmentation of photocatalytic activity. ZnO exists in two main crystal
structures, i.e., cubic blend and hexagonal wurtzite. However, hexagonal wurtzite is the
most common and most stable form of ZnO at ambient conditions. Krol et al. explained
the lattice parameters, i.e., a = 0.325 nm and c = 0.521 nm, with three growth directions
of hexagonal wurtzite crystal where every tetrahedral Zn atom is surrounded by four O
atoms. These parameters of the wurtzite structure are responsible for higher photocatalytic
efficiency than the cubic zinc blend. A typical wurtzite crystal structure with primary
growth directions is illustrated in Figure 2 [46].
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However, in a previous study, Pala and Metiu evaluated the density functions of
ZnO-based thin films to calculate the amount of energy required during the formation of
oxygen vacancy and structures of plain, hybrid and thin films used in pure and hybrid
forms for photocatalytic applications. The results elucidate that after the removal of oxygen
vacancy, the wurtzite crystal structure solely depends on the thickness of thin layers of
ZnO as presented in Figure 3 [47].
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Ong et al. thoroughly reviewed and explained the synthesis mechanism of nZnO and
described the properties responsible for higher photocatalytic activity. They categorised
ZnO as a green eco-friendly material that can be efficiently utilised for organic pollutants
removal during waste-water treatment and other purification processes. They claimed
ZnO is a cost effective, non-toxic and more efficient photocatalyst than TiO2 as it absorbs
a greater fraction of the solar spectrum. Moreover, they classified nZnO into several
categories [48]. Generally, nanomaterials are classified (on the basis of their structure
and shape) from 0 to 3 in dimensions. Spherical nanoparticles are zero dimensional (0D);
nanorods, nanowires, nanotubes and nanobelts are one dimensional (1D); nanosheets,
nanolayers, nanofilms, graphene and nanocoatings are two dimensional (2D); porous
nanostructures (nanoflowers) are three dimensional (3D) and further subdivision gives
us quantum dot arrays, respectively [49]. Figure 4 illustrates the field emission scanning
electron microscopy (FESEM) images with different morphologies and different dimensions
of nZnO collected by various researchers [50–53].
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From a medical point of view, zinc is an important element that exists in tissues
all through the human body. Zinc plays a vibrant role during the synthesis of proteins,
nucleic acid, neurogenesis and hematopoiesis by taking part in metabolism as zinc is
the major component of different enzymatic systems [54]. nZnO has been used in food
additives as it is easily absorbed or digested by the human body. The US Food and
Drug Administration (FDA) graded ZnO as a safe material [55]. Due to availability, non-
toxicity and being less expensive as compared to other metal oxides, nZnO has been given
preferences in anti-cancer, bioimaging and drug-delivery applications [18,56,57]. Jiang
et al. reviewed latest developments in the fabrication of nZnO for biomedical applications.
They defined some valuable characteristics, i.e., biocompatibility, less toxicity, easy access
and economic efficiency that enable nZnO to be a suitable and competent material for
biomedical applications. They explained that crystal growth is an important factor for
biomedical application and in the case of the sol-gel method, the crystal growth of nZnO is
much more significant as compared to other methods, i.e., chemical precipitation, pyrolytic
process, biological process and solution free method. Their results show that nZnO (due to
larger surface area) enhances the intercellular generation of reactive oxygen species (ROS)
and damages the cancer cells. Moreover, they reported a potential antimicrobial effect of
nZnO against a number of Gram-positive and Gram-negative pathogens. The schematic
representation of antimicrobial activity of nZnO is illustrated in Figure 5 [58]. The main
factor for excellent performance of nZnO is the excessive generation and induction of ROS.
Moreover, the performance is based on the accumulation of nZnO in the cytoplasm of
bacterial cell walls or in the outer membranes and the release of Zn+2 ions. This mechanism
disintegrates the cell membrane and damages the membrane protein that results in killing
of bacteria.

It has been revealed from the discussion that physical, mesoporous and chemical
properties of nZnO are very critical and fascinating as these properties provide a theoretical
description of key parameters, i.e., size, elasticity, energy distribution and thermodynamics
of nZnO. Therefore, this paper summarises the important findings of research carried out
in recent years on nZnO coated textiles and their enhanced photocatalytic activity.
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2. Synthesis of nZnO and Coating Process on Textiles

In principle, there are two approaches, i.e., top–down and bottom–up, used for the
synthesis of nanostructures. The first one uses grinding, cutting, slicing and milling
processes to get nanostructures from bulk material. Conversely, the bottom–up approach
arranges atoms and molecules either by physical methods (sonication, physical vapour
deposition and thermal evaporation); chemical methods (sol-gel, hydrothermal, chemical
vapour deposition, precipitation and solvothermal) or biological methods (controlled
deposition and growth) to create nanostructures. The top–down approach is not suitable
for photocatalytic performance as this technique causes serious damage to the crystal
structure of nanomaterials, that significantly affects overall properties. Therefore, bottom–
up techniques are the best to fabricate photocatalytically active nanomaterials or functional
nanomaterials.

Water-based chemical methods (often called wet chemical methods) offer several
benefits, i.e., low energy input, uncomplicated equipment, cheap, easy to handle reagents
and being environmentally friendly [59,60]. Furthermore, they make tailoring of synthesis
variables easy throughout the process that helps in gaining control over the size, shape,
structure and composition of the resulting nanomaterials. Therefore, in this section, the
most used chemical methods such as sol-gel, hydrothermal and coprecipitation with their
influence on reaction variables that affect the crystallization kinetics, morphology, particle
size distribution and facet formation of nZnO will be discussed in detail.

The sol-gel method is considered to be one of the most versatile methods to fabricate
advanced and novel materials especially nanomaterials [61–63]. The sol-gel method ini-
tializes with hydrolyzation, polymerization and ends with condensation reactions. This
method comprises the preparation of a colloidal solution (generally known as sol) that is
further converted into gel. The precursors generally used for the sol-gel method are metal
alkoxides and chloride salts. For nZnO, the most common precursors are zinc chloride
(ZnCl2), zinc nitrate hexahydrate (Zn(NO3)2·6H2O) and zinc acetate Zn(CH3CO2)2. The
most important variables that affect the size, shape and dimensions of nZnO in sol-gel
synthesis are the concentration of solvents, nature of solvents, temperature and molar ratio.

7



Polymers 2021, 13, 1227

Sui and Charpentier provided a detail explanation about sol-gel nano synthesis mechanism
of metal oxides for supercritical fluid applications. They explained the benefits of supercrit-
ical fluids and supercritical drying in the synthesis of solid products. It is already known
that at ambient conditions, some inevitable shrinkage of the solid leads to the collapse
of the microstructure that results in low specific surface area. The formation of sols in
the liquid phase gets an infinite level of viscosity when converted into a gel results in the
formation of xerogel and aerogel with ambient drying and supercritical drying respectively.
The results explain the overall chemistry of metal oxide-based nanomaterials synthesised
by the sol-gel process and suggest the use of supercritical fluids i.e., H2O, CO2 and organic
solvents in nanofabrication. The graphical representation of the mechanism of the sol-gel
synthesis is illustrated in Figure 6 [64].
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Alias et al. reported sol-gel synthesis of ZnO NPs under different pH conditions. The
resulting nano powders showed agglomeration at pH 6 to 7 (acidic and neutral conditions).
However, alkaline pH conditions (pH = 9) were more favourable in obtaining nZnO
powders. The sizes of the resulting nanoparticles were lower in acidic medium. However,
the optical properties were better in alkaline conditions. The sizes were significantly
uniform at pH 9 to 11 and the size range was 37 to 50 nm at pH 9 and 11, respectively.
Chemical composition of as synthesised nZnO explained the existence of methanol solvent
near the x-axis origin. The results of energy dispersive X-ray (EDX) analysis confirm the Zn
and O elemental peak for all pH levels as illustrated in Figure 7. The results also explain
the growth mechanism of nZnO in a precise manner. For sol-gel synthesis, hydrolysis
and polycondensation (nucleation) are the primary steps to prepare particles, while for
growth of nZnO with high crystallinity, a sufficient amount of OH¯ ions are necessary. The
results of FESEM for surface topography, structural and morphological analysis at different
pH conditions are presented in Figure 8 [65]. Gupta et al. achieved a uniform nZnO
coating on cotton by the sol-gel method and fabricated smart wearable electromagnetic
interference (EMI) shielding electrically conductive textiles that protect the human body
from electromagnetic pollution [66].
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Hydrothermal is another widely used wet chemical method that uses autoclaves
under controlled conditions. In autoclaves, the temperature rises above 100 ◦C and reaches
to saturated vapor pressure. This method is generally followed in order to achieve small
size particles. Commonly used precursors for hydrothermal synthesis are zinc nitrate hex-
ahydrate and zinc sulphate heptahydrate (ZnSO4·7H2O). The variables that affect the size,
shape and dimensions of nZnO in hydrothermal synthesis are pH, calcination temperature
and heating time. In an experimental study, Gong et al. incorporated hydrothermally
synthesised nZnO over the optical fibre surface and evaluated the growth mechanism. The
results reveal that an augmentation in preferred growth and less oxygen vacancy are mainly
due to higher UV irradiation power [67]. In a recent study, Koutavarapu et al. reported
hydrothermally synthesised ZnO nanosheets based hybrid nanoribbons. Photocatalytic
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performance was evaluated against tetracycline, a toxic organic pollutant. The results show
98% photodegradation of tetracycline within 90 min [68].
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Precipitation and coprecipitation methods are also very renowned to fabricate nZnO
and have gained attention in recent years. These methods involve a reaction of zinc salts
(zinc precursors normally ZnSO4·7H2O, Zn(CH3CO2)2, Zn(NO3)2·6H2O and ZnCl2) with
alkaline solutions i.e., NaOH, KOH, LiOH and NH4OH. The reaction starts between Zn2+

and OH¯ that follows aggregation and a stable colloidal suspension of nZnO is formed in
the presence of alcohol. nZnO with different morphologies are obtained by controlling the
typical variables, i.e., pH of the solution, concentration of the solution, type of precursor,
calcination temperature and type of alkali, of these processes. By using the precipitation
method, Shetti et al. reported the synthesis of nZnO taking 0.2 M Zn(NO3)2·6H2O and
0.4 M KOH and further applied it on carbon—nZnO coated carbon electrode designed to
detect Molinate, a thiocarbamate herbicide, by cyclic and voltametric methods [69].
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The wide band gap of ZnO allows this material to function only in the UV range.
In addition, surface oxygen vacancy and a higher recombination rate of photo generated
charge carriers decreases the photocatalytic efficiency of ZnO. The defects in ZnO structure
defined by nonbonding electrons in polarization, band gap and elastic modulus. The
crystal size is associated with annealing temperature. The surface defects, interatomic and
atomic interactions and variations in electronic distribution are the dominant parameters in
determining the photocatalytic performance. Doping is an excellent method to overcome
these issues by tailoring the optical properties of nZnO. Doping comprises the insertion
of a specific element (ions) into the crystal lattice of ZnO that modifies and controls the
band gap of ZnO with a direct consequence on the photocatalytic activity of ZnO. The
physicochemical properties of doped ZnO significantly depend on dopant type. For nZnO,
commonly used doping agents are cerium, titanium dioxide, calcium, boron, cobalt and
magnesium. Doped ZnO is generally considered as a hybrid multifunctional metal oxide
and is significantly used for photocatalytic, sensing, energy and biomedical applications.
In a recent study, Kim and Yong fabricated boron doped ZnO and reported a significantly
higher photocatalytic hydrogen production. They observed that boron doped ZnO il-
lustrates type 2 alignment of band structures whereas undoped ZnO exhibits z-scheme
band. Due to this dramatic change in band structures, boron-doped ZnO shows a 2.9-times
higher H2 production rate than undoped ZnO [31]. The reason for excellent photocatalytic
activity of nZnO is the formation of ROS. Photocatalytic reaction initializes when a light
beam strikes the surface of nZnO. The formation of excess numbers of ROS (due to larger
surface area of nanostructures) with their strong power of decomposition degrade organic
pollutant that cause staining and health issues [70]. The photocatalytic activity of nZnO in
bare and doped forms for photodegradation of organic pollutants and solar driven water
splitting is graphically illustrated in Figures 9 and 10, respectively.
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Table 1 summarises a brief overview of other synthesis methods used in the fabrication
of nZnO.

Table 1. Overview of some synthesis methods for nZnO.

Method Used Precursors Conditions Structure; Size References

Ultrasonics Zn(NO3)2·6H2O, C6H8O7·H2O Sonication for 0.5–2 h, room
temperature

Hexagonal, spherical
particles [71]

Chemical bath deposition
(CBD) Zn(CH3CO2)2·2H2O, C2H4(NH2)2

80 ◦C temperature, magnetic
stirring up to 3 h

Core shell rod like
structure, size 500 nm [72]

Sol-gel Zn(CH3CO2)2, C2H5OH,
(C6H9NO)n

100 ◦C temperature, stirring time
2 h, calcination at 300 ◦C Size 140 nm [73]

Sol-gel Zn(CH3CO2)2·2H2O, C2H5OH,
NaOH

60 ◦C temperature, time 17 h,
annealing at 200 ◦C

Hexagonal wurtzite,
spherical, size 22 nm [74]

Co-precipitation Zn(CH3CO2)2·2H2O, NaOH,
C2H5OH, NH4OH

Agitation time 1 h, annealing at
60 ◦C, for 6 h

Nanorods, wurtzite
crystal structure [75]

Successive ionic layer
adsorption and reaction

(SILAR)

ZnSO4·7H2O, NH4OH,
CuSO4·5H2O

Dipping cycles 30, annealing 500
◦C for 2 h

Hexagonal wurtzite,
spherical, size 34 nm [76]

Hydrothermal Zn(NO3)2·6H2O, NaOH,
Zn(CH3CO2)2·2H2O, C2H5OH,

Heating 50 ◦C, stirring 30 min,
oven drying 150 ◦C for 6 h

Nanorods, wurtzite
crystal structure [77]

Two step sonication
modified sol-gel

Zn(CH3CO2)2·2H2O, NH4OH,
KOH, Tetraethyl orthosilicate

(TEOS)

60 ◦C temperature, time 1.5 h,
sonication time 1 h

Hexagonal wurtzite,
spherical nanoparticles [78]

Biological

Tabernaemontana divaricata
leaves extract, Zn(NO3)2·6H2O

80 ◦C temperature, continuous
stirring, drying at 450 ◦C for 2 h

Hexagonal wurtzite,
spherical, size 20–50 nm [79]

Abutilon indicum leaves extract,
Zn(NO3)2·6H2O

Temperature of furnace at 200 ◦C
for 3 min., calcination for 2 h

Hexagonal wurtzite,
spheroid rod like shape,
size 16–20 nm, band gap

3.36 eV.

[80]

3. Photocatalytic Applications

For photocatalytic applications, higher photocatalytic activity and optical properties
are key features that enable nZnO a good choice to be utilised as a potential (photocatalyst)
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material. nZnO is an extensively used material as a photocatalyst in the photodegradation
of various organic pollutants. Many researchers have utilised nZnO in the textile sector.
Ghayempour and Montazer reported a coating mechanism of nZnO on a cotton surface
with the help of tragacanth gum—a natural biopolymer—and ultrasonic energy. The
results reveal a wurtzite structure with star like shape of as synthesised nZnO that shows
good to excellent photocatalytic efficiency against the photodegradation of methylene blue
(MB) [81]. In another study, Chakrabarti and Banerjee coated sonochemically synthesised
nZnO on cotton fabric by padding to achieve multifunctional characteristics. The results
explain that developed samples show significantly enhanced photocatalytic properties
and degrade 69% trypan blue, a direct azo dye, under solar self-cleaning [82]. In the
photodegradation of organic pollutants, OH• radicals take part in a redox reaction and
convert the long chain molecules into H2O and CO2. In a recent study, Noman and Petru
reported a sonochemical coating of nZnO on cotton fabric under controlled conditions and
compared the comfort performance against TiO2. In an in-situ coating, ZnCl2 was used as
a precursor and an average particle size of 30 nm was successfully achieved. The results
depict that nZnO coated fabric exhibits higher properties than TiO2 coated samples [83].
Both doped and undoped ZnO has been used for photocatalytic applications and preference
is given to the type of application, i.e., for photodegradation of organic pollutants, mostly
pure nZnO is used while for photocatalytic water splitting, energy and sensing applications,
doped nZnO is preferably used. The previous literature elucidates that pure nZnO works
better in the degradation applications and doped nZnO in other applications. Nair et al.
worked with undoped and cobalt-doped nZnO and performed photocatalytic experiments
against MB solution and reported that photocatalytic efficiency of pure ZnO is significantly
higher than cobalt doped ZnO. The reasons for higher photocatalytic activity are zinc
vacancies and interstitial oxygen atoms from acceptor states and oxygen vacancies and
interstitial zinc atom from donor states [84]. In another study, Kaur and Singhal synthesised
various metal doped nZnO and evaluated photocatalytic performance against methyl
orange (MO). The results show that MO degradation follows first order reaction kinetics
and undoped nZnO performs much better than metal-doped ZnO [85]. Photocatalysis is
a dynamic process that triggers a series of redox (reduction and oxidation) reactions and
convert long chain molecules into less toxic materials, i.e., CO2 and H2O. The primary
oxidizing species that work during photocatalysis are superoxide anions and hydroxyl
radicals. It is observed from all above discussed literature that different morphologies
of nZnO perform differently during photocatalytic applications and significantly affect
the photocatalytic performance. One dimensional nanorods, nanoneedles and nanowires
provide better results during photocatalytic applications as compared to nanoparticles
because they provide more surface area than nanoparticles. FESEM images of nZnO with
various morphologies like nanoparticles, nanorods, nanoflowers and nanoneedles are
provided in Figure 11.

For hydrogen generation, electrochemical and biosensors, doped nZnO has opened
a new research area because doping of suitable element enhances the efficiency of nZnO
to a significant level for these applications. In a recent study, Bukkitgar et al. reported
excellent electrocatalytic sensing performance of Mg-doped ZnO nanoflakes for an anti-
inflammatory drug, mefenamic acid. The results reveal that pH and selection of dopant
are important variables to control the sensing performance of doped nZnO as well as to
develop durable and highly efficient sensors. Dopant selection significantly affects the
electrochemical detection limit and offers better results under low detection limit [86]. In
their previous study, barium was loaded as a dopant and Ba doped ZnO was used to detect
mefenamic acid under cyclic voltammogram. The results show good recovery values and
suggest the developed sensors for practical use [87]. However, the role of bare/undoped
metal oxide semiconductors especially ZnO for solar photocatalytic applications is still
undeniable. In a recent review article, Karthikeyan et al. elucidated the pivotal aspects
of utilising different types of metal oxide semiconductors as a photocatalyst in hydrogen
production, dye sensitised solar cells, energy storage batteries, water splitting, electrodes
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and sensors. They covered zinc oxide, titanium dioxide, copper oxide, tungsten oxide, tin
oxide and their nanostructures and specified the vibrant role of nano dimensions for solar
photocatalytic applications [88].
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4. Future Direction

The contributions in this review paper can lead new comers to new lines of inquiry
about the role of photogenerated charge carriers (ROS, radical scavengers) on the surface
morphology of polymeric fibrous material and on photocatalytic applications. The dis-
cussed literature clarifies that synthesis methods and the selection of precursors are very
important in order to get better results for photocatalytic applications. The latest progress
and discussion particularly in these areas have been elucidated in this thematic issue in
order to understand the variables and their combined effect on better photocatalytic activ-
ity. Zinc oxide nanostructures as a photocatalyst attract enormous attention due to their
potentials of harnessing solar energy directly for the production of hydrogen and solar
fuels, and degrade toxic pollutants as well. However, the efficiency of nZnO is reduced
due to faster electron-hole recombination rate and low light consumption. The fabrication
of high-quality photocatalysts on largescale for real time applications is still a challenge.
Advancement is also necessary for the fabrication of an efficient, sustainable, cost-effective
and facile photocatalyst. Therefore, there is still a paucity to go deeper and investigate
other dimensions that have emerged in light of the findings presented here.

5. Summary

Zinc oxide nanostructures have high specific surface area, optical properties and
flexibility that elucidate their potential for excellent photocatalytic applications especially
photodegradation of organic pollutants, self-cleaning and antimicrobial efficiency. Higher
photocatalytic activity significantly depends on synthesis routes, precursors type, selected
variables and dopant type. Doped nZnO shows excellent results for water splitting, H2
production, sensing and electrochemical detection of various materials. It was observed
that doping shifts the bandgap and provides more radical scavengers, i.e., OH• radicals.
The discussed literature elucidates that the synthesis methods control the crystallinity, di-
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mensional stability, particle size and overall photocatalytic activity of nZnO. Moreover, an
extensive investigation of photocatalytic activity and the role of photogenerated charge car-
riers (ROS) provide a comprehensive knowledge of reaction kinetics and crystal structure
for next generation materials and devices.
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Abstract: Auxetic textiles are emerging as an enticing option for many advanced applications due to
their unique deformation behavior under tensile loading. This study reports the geometrical analysis
of three-dimensional (3D) auxetic woven structures based on semi-empirical equations. The 3D woven
fabric was developed with a special geometrical arrangement of warp (multi-filament polyester),
binding (polyester-wrapped polyurethane), and weft yarns (polyester-wrapped polyurethane) to
achieve an auxetic effect. The auxetic geometry, the unit cell resembling a re-entrant hexagon, was
modeled at the micro-level in terms of the yarn’s parameters. The geometrical model was used to
establish a relationship between the Poisson’s ratio (PR) and the tensile strain when it was stretched
along the warp direction. For validation of the model, the experimental results of the developed
woven fabrics were correlated with the calculated results from the geometrical analysis. It was found
that the calculated results were in good agreement with the experimental results. After experimental
validation, the model was used to calculate and discuss critical parameters that affect the auxetic
behavior of the structure. Thus, geometrical analysis is believed to be helpful in predicting the auxetic
behavior of 3D woven fabrics with different structural parameters.

Keywords: auxetic woven fabrics; 3D textile structure; negative Poisson’s ratio; geometrical analysis

1. Introduction

Auxetic textile is a sub-class of meta-materials that are differentiated from conven-
tional materials due to their negative Poisson’s ratio (NPR) [1]. So far, scientists have
successfully developed fibers [2,3], polymers [4,5], yarns [6–8], and fabrics [9,10] with the
uncommon property of an NPR. Textile fabrics with an NPR mean that they expand when
they are subjected to tensile loading and shrink when compressive loading is applied.
Due to this unusual response to the applied loading, auxetic fabrics show outstanding
extensibility in both warp and weft directions, better drapability, and become more compact
upon compression [1]. Therefore, auxetic fabrics are considered to be the first choice for
applications in protective textiles, medical textiles, smart textiles, sportswear, and auxetic
composites [11]. Researchers have conducted an immense amount of work to develop
auxetic fabrics in every possible way. Therefore, auxetic fabrics could be realized in woven
form two-dimensional (2D) auxetic woven fabrics [12–14], three-dimensional (3D) auxetic
textiles [15–17], knitted form (warp-knitted auxetic fabrics [18,19], weft-knitted auxetic
fabrics [20,21]), non-woven form [22,23], and auxetic laminated fabrics [24,25]. Mainly,
there are two techniques for introducing auxetic property into textile fabrics. The first and
more simple technique is to use auxetic yarns and a conventional weave pattern. This
technique was first introduced by Miller et al. [6], and they used their invented double
helix yarn (DHY) in weft direction of a plain-woven fabric. The reason for using the DHY
in weft direction was to ensure the out-of-register position of each neighboring DHY strand
to maximize the auxetic effect. When the fabric was subjected to tensile tension, the DHY
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strands overlap each other in the thickness direction, which causes an out-of-plane auxetic
effect by increasing the thickness of the sample. In this study, the maximum achieved
out-of-plane Poisson’s ratio (PR) was −0.1. Similarly, the same research group also devel-
oped auxetic plain-woven fabrics using helical auxetic yarn (HAY) in warp direction and
multi-filament polyester yarn in weft direction [26]. This study concluded that the auxetic
effect is associated with the weft yarn’s material and weave geometry. Recently, auxetic
woven fabrics were produced using auxetic plied yarns (4 ply and 6 ply) and DHY [27]. For
fabric production, auxetic yarns were used in the warp direction only, while conventional
elastic yarn was used in the weft direction. Three weave designs (plain, twill, and satin)
were selected, along with other design parameters of plied yarn, to evaluate their effect on
the NPR of the woven fabrics. Although producing auxetic woven fabrics with this method
is the easiest way, there are still many drawbacks that limit the practical application of
such fabrics. Those drawbacks are: the NPR of auxetic yarn transfers partially to the fabric
due to weaving constraints, the unstable auxetic effect, and the out-of-register orientation
of auxetic yarns. Furthermore, the orientation of auxetic yarn inside the fabric structure
is crucial and difficult, i.e., the yarns should be as straight as possible to obtain a better
auxetic effect. Due to this limitation, this technique is only suitable for woven fabrics and
cannot be applied to knitted fabrics.

The second technique of developing auxetic fabrics includes the use of non-auxetic
yarns and the realization of special auxetic geometry. It is well known that the auxetic effect
is associated with the geometrical arrangement of a structure’s unit cells such as re-entrant
hexagonal, rotating squares, etc. [28]. Therefore, the idea of developing auxetic fabrics
progressed when scientists gave considerable attention to configuring conventional yarns
in a special geometrical arrangement using knitting or weaving technologies. Up to now,
various weft-knitted [20] and warp-knitted [18] auxetic fabrics have been developed using
this technique. However, the low structural stability and low elastic recovery of the knitted
auxetic fabrics make them impractical for many applications such as protective textiles,
etc. Recently, a considerable amount of work has been reported on the development of 2D
auxetic woven fabrics. For the first time, a uni-stretch auxetic woven fabric was developed
using conventional weaving techniques and non-auxetic yarns [9]. Auxetic behavior was
introduced to fabrics through foldable structures, re-entrant hexagonal geometry, and a
rotating rectangle structure. The basic mechanism involved in the auxetic effect is the
different shrinkage properties of tight weaves (plain) and loose weaves (twill or satin),
along with the use of elastic and non-elastic yarns. These fabrics showed a zero PR or a
very low NPR in one direction only. Therefore, another study was conducted by Zulifqar
et al. [29] on developing bi-stretch auxetic woven fabrics. The methodology of the study
was based on a similar principle of differential shrinkage, but elastic yarns were used in
both the warp and weft directions along with non-elastic yarns. Among all the developed
auxetic structures based on different geometries, the zig-zag folded stripes showed the
highest NPR of −0.15. The developed 2D auxetic woven fabrics have the potential to
be used for clothing, fashion garments, etc. However, these fabrics cannot be used for
high-performance applications because they experience more longitudinal deformation
under tension, a low NPR, and a sharp decrease in the NPR under increased strain.

Nowadays, 3D auxetic fabrics have been the central focus for many researchers be-
cause they can exhibit more extraordinary mechanical performances compared to those of
2D auxetic fabrics. Ge and Hu [17], for the first time, reported a novel 3D auxetic fabric
developed by combining knitting and non-weaving techniques. After fabrication, the fabric
structure was converted into a soft composite for stability. Uniquely, this fabric structure
was designed to show the NPR effect under compression. Hence, it was recommended for
indentation-resistant and impact-resistant applications. Similarly, 3D multi-layer auxetic
woven structures having an out-of-plane NPR were developed using the differential modu-
lus of the yarns [30]. The out-of-plane NPR effect is triggered by the Z-direction binding
yarns when they are stretched longitudinally. Due to the limitation of the out-of-plane
auxetic effect, the authors used their developed fabrics as a reinforcement in polymer
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composite. Furthermore, the authors claimed improved impact-resistant properties for
the 3D auxetic woven fabric reinforced composites. Not long ago, a new milestone was
achieved by developing 3D auxetic woven fabrics with in-plane NPR effect [31]. The
development is considered to be very significant in view of broader application aspects
because it addresses the drawbacks associated with the existing 2D and 3D auxetic textiles.
Furthermore, the fabrics that exhibit in-plane auxetic behavior at a higher tensile tension
are useful for releasing the contact pressure when they are used in applications such as
automotive seat belts, garment belts, etc. Although significant interests have been shown
on the design, fabrication, and characteristics of 3D auxetic woven structure, the important
information on the fundamental geometrical analytics of structure is yet lacking.

In this study, a geometrical model of 3D woven fabric has been proposed at the
micro-level (yarn level) to establish a relationship between the geometrical parameters (in
terms of yarn parameters) and the tensile deformation. Since the geometrical analysis is
carried out at the micro-level, the geometrical arrangement and the physical properties
of yarns are very crucial to facilitate the geometrical model. Thus, a 3D auxetic woven
fabric was fabricated to carefully observe the arrangements of the warp and weft yarns,
forming auxetic geometry. After observing the geometry in a free state, the fabric was
then subject to tensile deformation to examine the behavior of the yarns together with the
geometrical deformation of the whole structure. Here, it was found that the structure ex-
tends longitudinally and axially under tensile deformation due to its auxetic nature, which
causes tension and compression to the weft yarns. Thus, by recognizing the geometry and
physical behavior of yarns, semi-empirical equations were drawn based on the geometrical
arrangement of the warp and weft yarns, including the tension and compression effect of
the yarns. The study shows that the extracted results from the established semi-empirical
equations are in good agreement with the experimental results. Therefore, it could be said
that the proposed geometrical model will be a useful tool to design, predict, and optimize
the auxetic behavior of the 3D auxetic woven fabric.

2. Methodology

A comprehensive methodology was adopted to propose an effective geometrical
model for the 3D auxetic woven structure. First, the 3D auxetic woven fabric structure
was designed and developed with appropriate warp and weft yarns. Then, the fabric was
subjected to a tensile loading to observe its deformation behavior at the micro-level and
macro-level. Finally, a geometrical model was proposed by establishing semi-empirical
equations based on the warp and weft yarn’s geometry at the initial and deformed states.

2.1. Structure Design and Fabric Formation

A novel multi-layer 3D auxetic woven structure was previously designed by modifying
the conventional 3D orthogonal through-the-thickness structure [31]. The auxetic effect
was introduced by featuring an unusual lateral crimp to the warp yarns, which form a
special geometry resembling a re-entrant hexagon, as shown in Figure 1a. The unusual
lateral crimp of the warp yarns was induced by using two different weft yarn systems, i.e.,
a coarser, non-elastic yarn and a fine elastic yarn. A solid, coarser yarn was inserted with
a 2/2 twill pattern as a binder (through the thickness), creating alternate empty spaces
within the warp yarns. Meanwhile, multiple insertions of fine elastic yarn were made in
stretched form, which shrank the structure in a relaxed state by forcing the warp yarns to
crimp laterally, filling those empty spaces. As a result, an unusual lateral crimp, similar
to a sinusoidal wave, was induced in the warp yarns. When this structure is stretched
longitudinally, the warp yarns try to become straight, pushing the coarse binding yarns in
a lateral direction. Thus, under tensile extension, the width of the structure also increases,
and an auxetic effect is achieved.
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For sample fabrication, the three types of polymer-based yarn were procured from Wai
Hung Weaving Factory Limited with the desired properties. A single type of yarn made of
multi-filament polyester with a 0.7 mm diameter was selected as a warp. Two types of yarn,
namely coarse binding yarn and elastic yarn, made of polyester-wrapped polyurethane
(PU) having diameters of 2.5 mm and 0.62 mm, respectively, were selected as the weft. In
addition, other features of the warp yarn include stability and strength because it will bear
tensile loading. Similarly, the coarse binding yarn was solid, but easier to bend to facilitate
orthogonal shaping during weaving. A semi-automatic weaving machine with a maximum
of 16 heald frames attached to the dobby shedding mechanism was used to produce the
fabric sample. The required number of warp yarns were passed through 8 heald frames
with a straight drawing-in draft to weave a two-layer 3D woven fabric. A special denting
plan, i.e., two yarns per dent followed by an empty dent, was used. This denting sequence
kept a gap between the warp yarns which facilitate the insertion of coarse binding yarn.
Furthermore, elastic yarn was inserted in a stretch form to shrink the structure along the
width direction when the sample was cut off the loom. The developed fabric sample is
shown in Figure 1b.

It is worth mentioning that, in a previous study [31], the 3D auxetic woven structure
was investigated with four highly influencing parameters: diameter of binding yarn,
bending stiffness of binding yarn, repeats of elastic weft yarn, and stretch percentage of
elastic weft yarn. Thereupon, it was concluded that the auxetic behavior of the 3D woven
fabrics is primarily associated with the yarn’s properties that limit the weaving process.
For example, the higher diameter and stiffness of binding yarn were difficult to weave to
achieve a favorable 3D auxetic structure. Therefore, it is preferred to select and develop
a fabric sample with the optimized parameters having the maximum auxetic effect for
validating the geometric model of the structure because it is considered that a sample with
maximum auxetic behavior indicates the best formation of auxetic geometry. The physical
properties of the three types of yarn used to develop the sample are given in Table 1. The
bending stiffness of the binding yarn was calculated with the beam deflection method
reported by Msalilwa et al. [32].
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Table 1. Properties of the yarns used for sample preparation.

Yarn Material Type Diameter
(mm)

Tensile Modulus
(MPa)

Tensile
Strength (N)

Bending
Stiffness

(×10−6 Nm2)

Warp yarn Polyester multi-filament Braided
yarn 0.70 153 106 -

Binding yarn Polyester-wrapped PU Braided
yarn 2.28 8 203 0.66

Elastic weft yarn Polyester-wrapped PU Braided
yarn 0.62 3 14 -

2.2. Tensile Test and Measurement of Negative Poisson’s Ratio

To avoid possible slippage during the tensile test, aluminum tabs were mounted
on both ends of each sample, covering the gripping area of the clamps. Epoxy EL2 and
AT30 hardener were used to mount the aluminum tabs onto the specimen. The narrow-
woven fabric samples of width 25 mm and length 150 mm were prepared according to
the guidelines provided by tensile testing standard ASTM D5035-11 [33]. Further, the
gauge length between the two jaws of the machine was kept at 75 mm. An Instron
5982 universal testing machine (UTM) with a maximum load capacity of 100 kN was used
in this experiment. The samples were subjected to a strain-controlled tensile test, where the
lower jaw was fixed, and the upper jaw moved at the rate of 30 mm per minute. The test
was performed three times for each set of samples, and average values were reported.

The UTM can only provide raw data of the mechanical properties, therefore, a separate
digital camera (Canon EOS 800D) was set up in front of the machine to record the change
in dimensions of the fabric samples during the tensile deformation, as shown in Figure 2.
Thus, each sample was marked with four dots (two longitudinally and two vertically) at a
distance of 25 mm before clamping them onto the UTM. The video recording and the tensile
test started simultaneously. First, the recorded videos were processed, and pictures were
extracted at a rate of 1.5 s, which was equivalent to 1% tensile strain. Then, the extracted
pictures were analyzed with screen ruler software to calculate the lateral and longitudinal
deformation of the fabric. Finally, the PR for each sample was calculated using Equation (1).

υ =− εy

εx
= − (Y′ −Yo)/Yo

(X′ − Xo)/Xo
= − (Y′ −Yo)Xo

(X′ − Xo)Yo
(1)

where εx is strain in longitudinal direction and εy is strain in the lateral direction; Yo and Xo
are the initial width and length as shown in Figure 1b; Y′ and X′ are width and length in
the stretched state, respectively.
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2.3. Yarns Analysis

In a previous study [31], it was found that the auxetic effect of the 3D woven fabric is
highly associated with the extension of elastic weft yarn and compression of coarse binding
yarn during the tensile deformation. Therefore, the inclusion of these two characteristics of
yarns are essential for developing a geometrical model.

The extension of elastic weft yarn was simply characterized by performing a tensile
test on a single yarn using the Instron 5566 machine. The yarn was fixed between the
machine’s jaws, where the lower jaw wax fixed, and the upper jaw moved at a constant
velocity of 30 mm/min. Similarly, the compression of coarse binding yarn was determined
by performing a compression test. However, conventional flat compression could be
applied here because the compression of the binding yarn was applied by the warp yarns.
Hence, a customized assembly, as shown in Figure 3, was prepared to perform the test.
The assembly was designed in such a way that the two pins, whose diameter was equal to
that of the warp yarn, applied the compressive force on the binding yarn. So, the binding
yarn was placed between the upper and lower parts of the assembly, perpendicular to the
pins. Then, the assembly was placed between the two platens of the Instron 5566 machine.
To perform the compression test, the upper platen was moved downward at a constant
velocity of 1 mm/min, and the lower platen was fixed. A very sensitive load cell of capacity
50 N was used to obtain precise results.
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2.4. Geometrical Analysis

The parametric terms used in this geometrical analysis are given below:

ao—initial diameter of binding yarn.
bo—diameter of warp yarn at the initial state and during the first stage of deformation.
bii—diameter of warp yarn during the second stage of deformation.
lo—length of warp yarn between the centers of the two binding yarns at the initial state
and during the first stage of deformation.
lii—length of warp yarn between the centers of the two binding yarns during the second
stage of deformation.
θo—initial inclination angle of warp yarn.
θi—inclination angle of warp yarn in a deformed state.
Do—sum of the radii of binding yarn and warp yarn at the initial state.
Di—sum of the radii of binding yarn and warp yarn during the first stage of deformation.
Dii—sum of the radii of binding yarn and warp yarn during the second stage of deformation.
ai—height of binding yarn after compression.
a′i —width of binding yarn after compression.
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A geometric model is proposed to predict the NPR effect of the 3D in-plane auxetic
woven structure. The following assumptions are made based on the deformation behavior
of the fabric during the tensile test:

1. Figure 4 represent the schematic diagram of the 3D auxetic woven structure while
the detailed geometry of the unit cell of the structure is illustrated in Figure 5. It is
assumed that all the repeating unit cells are similar in size and shape in the initial
state and deformed symmetrically during extension.
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2. In the geometrical model, the presentation of an elastic weft yarn has been omitted
because the warp and binding yarn analysis is suitable enough to predict the auxetic
behavior. However, the effect of the elastic weft yarn, i.e., causing compression to the
binding yarn during tensile loading, was included.

3. The initial cross-section of the binding yarn is circular, which, during compression,
changes to a race track shape due to the compression of the warp yarns caused by
the restoring force of the elastic weft yarns. However, the cross-sectional area of the
binding yarn remains constant all the time.

4. The warp yarns are crimped by the binding yarns at the initial state. It is assumed
that the part of the warp yarn that is in contact with the binding yarn is circular, while
the non-contact part is straight and tangent to the circular part.

5. There is no slippage at the contact points of binding and warp yarns during tensile
deformation.

6. During tensile stretching, the structure deforms in two stages: decrimping (Figure 5a)
and elongation (Figure 5b) of the warp yarns under tensile loading. Furthermore,
it is also assumed that at the decrimping stage, the cross-section of binding yarn
changes from a circular one to a race track one, while the diameter of warp yarn
remains unchanged. However, in the elongation stage, there is no further change to
the dimensions of the race-track-shaped binding yarn, while the diameter of the warp
yarn changes due to elongation.

i. First stage: In the first stage of deformation, the warp yarns start decrimping
at a constant rate and become fully straight at a particular tensile strain. In this
stage, the length and diameter of the warp yarn remain constant, as shown in
Figure 5a. Based on the above assumptions, the geometrical model of the first
stage can be re-illustrated in detail, as shown in Figure 6.
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From Figure 6, the initial distance (Xo) between the centers of two binding
yarns is given by:

Xo = 2pq + qs (2)

The length of pq and qs in terms of yarn’s parameters can be calculated by
solving right angle triangles ∆opq and ∆qst, respectively.

pq = Do sin θo (3)

qs = qt cos θo (4)

Whereas:
qt = lo − 2q̂r (5)
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q̂r = Doθo (6)

By solving Equations (4)–(6), the following relation can be obtained

qs = (lo − 2Doθo) cos θo (7)

Substituting Equations (3) and (7) into Equation (2) gives the following relation

Xo = 2Do sin θo + (lo − 2Doθo) cos θo (8)

Likewise, the initial height (Yo) between the centers of two binding yarns is
given as

Yo = 2op− st (9)

To solve ∆opq and ∆qst, the following relation can be made for op and st

op = Do cos θo (10)

st = qt sin θo (11)

Substituting Equations (5) and (6) into Equation (11) gives the following equation

st = (lo − 2Doθo) sin θo (12)

Substituting Equations (10) and (12) into Equation (9) gives the following relation

Yo = 2Do cos θo − (lo − 2Doθo) sin θo (13)

This relation can be used for calculating the initial height (Yo) using the in-
clination angle (θo), however, Yo can also be calculated simply by using the
following relation.

Yo =
ao

2
+ bo (14)

Similarly, the distance between the centers of the two binding yarns at a
deformed state (Xi), is given below.

Xi = 2p′q′ + q′s′ + 2n′o′ (15)

Whereas:
n′o′ =

(
a′i − ai

)
/2 (16)

By solving the right triangles ∆o′p′q′ and ∆q′s′t′, the lengths p′q′ and q′s′ can
be expressed with Equations (17) and (18), respectively.

p′q′ = Di sin θi (17)

q′s′ =
[
lo − 2Diθi − (a′i − ai

)
] cos θi (18)

Substituting Equations (16)–(18) into Equation (15) gives the following relation

Xi = 2Di sin θi + [lo − 2Diθi − (a′i − ai)] cos θi + (a′i − ai) (19)

The height, Yi, between the coarse binding yarns can express mathematically as,

Yi = 2o′p′ − s′t′ (20)

From ∆o′p′q′ and ∆q′s′t′, o′p′and s′t′ can be expressed in the following Equations

o′p′ = Di cos θi (21)
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s′t′ =
(
lo − 2Diθi − (a′i − ai

)
) sin θi (22)

Substituting Equations (21) and (22) into Equation (20) gives the following relation

Yi = 2Di cos θi −
[
lo − 2Diθi − (a′i − ai

)
] sin θi (23)

As both the lateral and longitudinal strains in the initial and deformed states
are known, the PR (υi) for the first stage of deformation can be calculated.
By putting Equations (8), (13), (19), and (23) into Equation (1), the following
relation can be obtained

υi = −
[
2Di cos θi −

[
lo − 2Diθi − a′i + ai

]
sin θi − 2Do cos θo + (lo − 2Doθo) sin θo

]
× [2Do sin θo + (lo − 2Doθo) cos θo ][

2Di sin θi +
[
lo − 2Diθi − a′i + ai

]
cos θi + a′i − ai − 2Do sin θo − (lo − 2Doθo) cos θo

]
× [2Do cos θo − (lo − 2Doθo) sin θo ]

(24)

ii. Second stage: As the warp yarns become decrimped and become fully straight
in the first stage, they then elongate at a constant rate due to the applied
tensile loading. In addition, the warp yarn’s diameter will also decrease due
to elongation, as shown in Figure 7.

Polymers 2023, 15, x FOR PEER REVIEW 11 of 20 
 

 

 
Figure 7. Second stage of deformation of a unit cell: (a) decrimped and (b) elongation of warp 
yarn. 

It should be noted that the height and width of the race-track-shaped binding yarns 
will remain constant, while according to assumption 6, the length and diameter of the 
warp yarn will change during the second stage of deformation. Therefore, the sum of the 
radii of warp yarn and binding yarn 𝐷 will change to 𝐷, which is given in Equation 
(25), and the length of warp yarn 𝑙 will change to 𝑙, which is written in Equation (26). 𝐷 = ଶ + ଶ   (25)𝑙 = 𝑙 + ∆𝑙  (26)

Where ∆𝑙 is the change in the length of warp yarn, it can be calculated from the 
magnitude of tensile extension. 

As the warp yarns are decrimped and straightened, the inclination angle (𝜃) be-
comes “0”. By putting 𝜃 = 0 into Equations (19) and (23), the following relations can be 
obtained, respectively 𝑋 = 𝑙  (27)𝑌 = 2𝐷  (28)

As the lateral and longitudinal strains at the second stage of deformation are 
known, the PR υ  for the second stage of deformation can be calculated by putting 
Equations (8), (13), (27), and (28) into Equation (1) υ=- [ଶିଶ ୡ୭ୱ ఏା(ିଶఏ)ୱ୧୬ ఏ]×[ଶୱ୧୬ ఏା(ିଶఏ)ୡ୭ୱ ఏ][ିଶୱ୧୬ ఏି(ିଶఏ)ୡ୭ୱ ఏ]×[ଶ ୡ୭ୱ ఏି(ିଶఏ)ୱ୧୬ ఏ]    (29)

3. Results and Discussion 
After successfully developing the geometrical model, the first step is to validate it 

through experimental results. Hence, the model can be used to predict, present, and ana-
lyze critical findings based on different structural parameters of the 3D auxetic woven 
fabric. 

3.1. Experimental Observation 
3.1.1. Determining the Poisson’s Ratio during the First Stage of Deformation 

To validate the geometrical model, the calculated tensile strain and PR results 
should be based on the same geometrical parameters as that of the developed 3D woven 
fabric sample. Considering that, all the parameters in the initial state are reasonably 
straightforward to obtain. For example, the radii of the coarse binding yarn (ଶ ) and 

Figure 7. Second stage of deformation of a unit cell: (a) decrimped and (b) elongation of warp yarn.

It should be noted that the height and width of the race-track-shaped binding yarns
will remain constant, while according to assumption 6, the length and diameter of the warp
yarn will change during the second stage of deformation. Therefore, the sum of the radii of
warp yarn and binding yarn Di will change to Dii, which is given in Equation (25), and the
length of warp yarn lo will change to lii, which is written in Equation (26).

Dii =
ai
2
+

bii
2

(25)

lii = lo + ∆l (26)

where ∆l is the change in the length of warp yarn, it can be calculated from the magnitude
of tensile extension.

As the warp yarns are decrimped and straightened, the inclination angle (θi) be-
comes “0”. By putting θi = 0 into Equations (19) and (23), the following relations can be
obtained, respectively

Xii = lii (27)

Yii = 2Dii (28)
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As the lateral and longitudinal strains at the second stage of deformation are known,
the PR υii for the second stage of deformation can be calculated by putting Equations (8),
(13), (27), and (28) into Equation (1)

υii = −
[2Dii − 2Do cos θo + (lo − 2Doθo) sin θo]× [2Do sin θo + (lo − 2Doθo) cos θo]

[lii − 2Do sin θo − (lo − 2Doθo) cos θo]× [2Do cos θo − (lo − 2Doθo) sin θo]
. (29)

3. Results and Discussion

After successfully developing the geometrical model, the first step is to validate it
through experimental results. Hence, the model can be used to predict, present, and analyze
critical findings based on different structural parameters of the 3D auxetic woven fabric.

3.1. Experimental Observation
3.1.1. Determining the Poisson’s Ratio during the First Stage of Deformation

To validate the geometrical model, the calculated tensile strain and PR results should be
based on the same geometrical parameters as that of the developed 3D woven fabric sample.
Considering that, all the parameters in the initial state are reasonably straightforward to
obtain. For example, the radii of the coarse binding yarn ( ao

2 ) and warp yarn ( bo
2 ) can

be taken from Table 1, the initial distance (Xo) between two coarse binding yarns can
be determined by dividing the total length of a sample by the total repeats of coarse
binding yarn, and the initial height (Yo) can be calculated using Equation (14). When these
parameters are known, the initial inclination angle (θo) and length (lo) of the warp yarn can
be calculated using Equations (8) and (13).

In contrast, other parameters, particularly the compression effect of coarse binding
yarn in a deformed state, are comparatively complicated to calculate. According to as-
sumption (3), the cross-section of binding yarn changes to a race track shape during tensile
deformation due to the compression of warp yarns caused by the restoring force of the
elastic weft yarns. Therefore, the magnitude of force applied by elastic weft yarn should be
known. During tensile deformation, the force applied by elastic weft yarn increases because
of the lateral expansion of the structure. So, the first step is to calculate the amount of lateral
deformation of the structure without assuming the coarse binding yarn’s compression. For
this purpose, Equations (8), (13), (19), and (23) can be used, while considering a′i = ai = ao.
When the percentage of lateral deformation of the structure is known, the magnitude of
force applied by elastic weft yarn can be calculated from the force–strain curve of elastic
weft yarn as shown in Figure 8. Eventually, the compression caused to the coarse binding
yarn at a given force can be determined from the force–compressive extension curve of the
coarse binding yarn, as shown in Figure 9.
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After calculating the compression of coarse binding yarn in a deformed state, other
parameters such as the final height (ai) and width (a′i ) of race-track-shaped binding yarn can
be calculated based on assumption 3. Now, using Equation (19), the inclination angle (θi) can
be calculated at a certain tensile deformation (Xi). Thus, all the variables are known, therefore,
the PR (υi) during the first stage of deformation can be determined using Equation (24). The
calculated values of PR for the first stage of deformation are given in Table 2.

Table 2. Structural parameters and the calculated Poisson’s ratio results of 3D auxetic woven fabric.

State Tensile
Strain (%)

ao or ai
(mm)

bo or bii
(mm)

Do or Di or Dii
(mm)

Xo or Xi or Xii
(mm)

Yo or Y
(mm)

θo or θi
(rad)

lo or lii
(mm) PR

Initial state 0 2.28 0.70 1.490 3.000 1.840 0.460 3.242 0

U
nd

er
te

ns
il

e
de

fo
rm

at
io

n

Fi
rs

ts
ta

ge

1 2.19 0.70 1.447 3.030 1.845 0.436 3.242 −0.29

2 2.12 0.70 1.410 3.060 1.862 0.408 3.242 −0.61

3 2.05 0.70 1.377 3.090 1.890 0.376 3.242 −0.90

4 2.00 0.70 1.351 3.120 1.933 0.337 3.242 −1.26

5 1.93 0.70 1.316 3.150 1.974 0.295 3.242 −1.46

6 1.87 0.70 1.286 3.180 2.037 0.243 3.242 −1.79

7 1.78 0.70 1.245 3.210 2.108 0.177 3.242 −2.08

8 1.62 0.70 1.158 3.240 2.226 0.047 3.242 −2.61

8.07 1.62 0.70 1.113 3.242 2.226 0 3.242 −2.59

Se
co

nd
st

ag
e 9 1.62 0.62 1.110 3.270 2.221 0 3.27 −2.33

10 1.62 0.61 1.108 3.300 2.216 0 3.3 −2.07

11 1.62 0.60 1.105 3.330 2.211 0 3.33 −1.86

And so on

3.1.2. Determining the Poisson’s Ratio during the Second Stage of Deformation

The inclination angle (θi) reaches 0 at a tensile strain of 8.07%, which indicates that
the warp yarn is decrimped and becomes fully straight. At this point, the second stage of
deformation starts, where no changes occur to the other parameters except to the length
and diameter of the warp yarn. This specific point is determined as “critical strain,” and
the PR is called “critical Poisson’s ratio”. After the critical strain, the warp yarns elongate at
a rate of tensile strain, which is a known parameter. However, the decrease in the diameter
of the warp yarn (bii) at a particular tensile strain needs to be calculated. So, a customized
tensile test was performed on the warp yarn, in which the cross head of UTM machine
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needed to be stopped after every 1% strain for 10 s to observe the diameter of the warp yarn
using a thickness gauge. The variation trend of warp yarn’s diameter (bii) as a function
of tensile strain (ε) is shown in Figure 10. It can be observed that the change in bii has a
polynomial trend, therefore, according to a second-degree polynomial trend, the following
equation can be established

bii = m1ε2
i + m2εi + m3 (30)

where εi is the tensile strain, and m1, m2, and m3 are the constants that can be determined
from the experimental resutls of the warp yarn. Substituting Equation (30) in Equation (25)
gives the following equation

Dii =
ai
2
+

m1ε2 + m2ε + m3

2
(31)Polymers 2023, 15, x FOR PEER REVIEW 14 of 20 

 

 

 
Figure 10. Trend of a diameter of warp yarn against tensile strain. 

From Equation (31), 𝑎 is a known parameter, whereas the three other unknown 
constants were calculated experimentally from the relationship of warp yarn’s diameter 
and the tensile strain, which are: 𝑚ଵ = 0.003, 𝑚ଶ = −0.0102, and 𝑚ଷ = 0.6608. 

When the sum of radii of the binding yarn and warp yarn 𝐷 are known at a partic-
ular tensile extension, 𝑋, then the PR at the second stage of deformation can be calcu-
lated using Equation (29). Finally, the yarn’s parameters, the structural variables of the 
geometric model, and the calculated PR are given in Table 2. 

It should be noted that if the tensile strain is less than the critical tensile strain, then υ (Equation (24)) will be used to calculate the PR, otherwise υ Equation (29) will be 
used. 

Figure 11 presents the PR curves plotted against the tensile strain of the developed 
3D auxetic woven fabric and the calculated results obtained from the geometrical model. 
It can be seen that both the experimental and calculated PRs follow a similar trend. The 
agreement of calculated and experimental results confirms the reliability of the geomet-
rical model. The PR first decreases, reaches a minimum at 8.07% tensile strain, and then 
follows a steadily increasing trend. From the analysis of the structure’s geometry, it is 
clear that the lateral crimp of warp yarn plays an important role in the auxetic behavior 
under the tensile extension. The warp yarn starts decrimp under the tensile deformation, 
and the PR decreases. The effect of decrimping continues until the warp yarn becomes 
fully straight, which takes effect at 8.07% tensile strain. Hereafter, there is no decrimping 
of warp yarn that indicates there will be no lateral extension with further tensile exten-
sion. In addition, the diameter of warp yarns decreases due to longitudinal extension. As 
a result, the PR increased beyond 8.07% tensile strain.  

0.5

0.55

0.6

0.65

0.7

0.75
0 5 10 15 20

𝑏 𝑖𝑖(mm
)

Tensile strain (%)

Diameter

Figure 10. Trend of a diameter of warp yarn against tensile strain.

From Equation (31), ai is a known parameter, whereas the three other unknown
constants were calculated experimentally from the relationship of warp yarn’s diameter
and the tensile strain, which are: m1 = 0.003, m2 = −0.0102, and m3 = 0.6608.

When the sum of radii of the binding yarn and warp yarn Dii are known at a particular
tensile extension, Xii, then the PR at the second stage of deformation can be calculated
using Equation (29). Finally, the yarn’s parameters, the structural variables of the geometric
model, and the calculated PR are given in Table 2.

It should be noted that if the tensile strain is less than the critical tensile strain, then υi
(Equation (24)) will be used to calculate the PR, otherwise υii Equation (29) will be used.

Figure 11 presents the PR curves plotted against the tensile strain of the developed
3D auxetic woven fabric and the calculated results obtained from the geometrical model.
It can be seen that both the experimental and calculated PRs follow a similar trend. The
agreement of calculated and experimental results confirms the reliability of the geometrical
model. The PR first decreases, reaches a minimum at 8.07% tensile strain, and then follows
a steadily increasing trend. From the analysis of the structure’s geometry, it is clear that
the lateral crimp of warp yarn plays an important role in the auxetic behavior under the
tensile extension. The warp yarn starts decrimp under the tensile deformation, and the PR
decreases. The effect of decrimping continues until the warp yarn becomes fully straight,
which takes effect at 8.07% tensile strain. Hereafter, there is no decrimping of warp yarn
that indicates there will be no lateral extension with further tensile extension. In addition,
the diameter of warp yarns decreases due to longitudinal extension. As a result, the PR
increased beyond 8.07% tensile strain.
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3.2. Prediction of Auxetic Behavior
3.2.1. Effect of Binding Yarn Compression

A previous study [31] claimed that the coarse binding yarn becomes compressed
during tensile extension. From the experimental assessment of the structure, it is quite clear
that compression occurs due to the restoring force of elastic yarn. However, what could not
be answered is how much the compression of binding yarn effects the auxetic behavior. In
comparison, the geometrical model can calculate the effect of binding yarn compression
on the auxetic behavior of 3D woven fabric. Figure 12 shows the PR versus tensile strain
curves. The two curves, with compression (W-C) and without compression (W/O-C), are
calculated using the geometrical model by keeping all the parameters constant, except for
the compression effect of the binding yarn. For WO-C, it is supposed that the diameter
of the binding yarn (ao) does not change during the tensile strain, while for W-C, the
diameter of the binding yarn decreases as the structure elongates in both the longitudinal
and lateral directions. It is worth mentioning that the compression that occurred to the
binding yarn is calculated experimentally, as explained in Section 3.1. From Figure 12, it
can be observed that the auxetic behavior of W-C is 54% less than that of WO-C. This means
that the binding yarn’s compressive stiffness is critical and must be considered actively
when one is developing 3D auxetic woven fabric.
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3.2.2. Effect of Binding Yarn Diameter

It is well known that [17] the diameters of two yarns (warp and binding yarns) signifi-
cantly affect the NPR of 3D auxetic structures. Later on, it was proven again through an
experimental study [31]. Since then, the effect of diameter of yarns on auxetic behavior has
been understood, however, a scientific reason for the difference is still lacking. To provide a
concrete reason, PR of the 3D woven structure was calculated using the geometrical model.
Three different binding yarns diameter, i.e., 1.9 mm, 2.28 mm, and 2.75 mm, were used,
while other parameters were kept constant. The PR–tensile strain curves of the 3D woven
fabrics based on the different diameters of binding yarns are shown in Figure 13.
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Figure 13. Effect of binding yarn diameter on auxetic behavior of 3D woven structure.

It can be found that the auxetic effect increases by increasing the diameter of the
binding yarn, which validates the literature. For a solid reason, the numerical values
generated by the geometrical model were analyzed. It is concluded that the initial lateral
crimp percentage (%) of warp yarn decreases by increasing the diameter of the binding
yarn. The crimp% can be calculated using Equation (32). For binding yarn diameters
1.9 mm, 2.28 mm, and 2.75 mm, the crimp% are 8.086, 8.011, and 7.949, respectively. Less
lateral crimp in the warp yarn means the lateral expansion of auxetic structure will be
triggered at a lower longitudinal strain, and the structure will reach its maximum lateral
deformation under less strain. Since the longitudinal strain is inversely proportional to the
NPR (Equation (1)), the auxetic behavior of the structure with the warp yarns being less
laterally crimped is less notable, and vice versa.

Crimp % =
lo − Xo

Xo
× 100 (32)

3.2.3. Effect of Binding Yarn Spacing

Similar to the effect of binding yarn compression and binding yarn diameter, the spacing
between the two binding yarns is also important to assess the auxetic behavior of the 3D auxetic
woven structure. For this assessment, a similar methodological approach was applied, i.e., all
the other parameters were kept constant, and the initial distance between the two binding
yarns (Xo), also referred to as binding yarn spacing, was changed for three measurements.
The three selected values for Xo were 2.8 mm, 3 mm, and 3.2 mm. The PR values were then
calculated using the developed geometrical model that are presented in Figure 14.
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Figure 14. Effect of binding yarn spacing on auxetic behavior of 3D woven structure.

It can be explained that the binding yarn spacing has a direct relationship with the
NPR effect, i.e., the NPR increases by increasing the yarn spacing (Xo), and vice versa.
After evaluating the measured values of each parameter, it was found that the binding yarn
spacing also effected the lateral crimping of the warp yarn. Higher yarn spacing caused
less crimping of the warp yarn, producing a high NPR effect at a lower longitudinal strain
value. The calculated lateral crimp values are 9.74 mm, 8.01 mm, and 6.97 mm when Xo are
2.8 mm, 3 mm, and 3.2 mm , respectively.

4. Conclusions

The 3D woven fabric was designed and fabricated with in-plane auxetic behavior. The
auxetic effect was visualized by the unusual lateral crimping of warp yarns that form a
special geometry, resembling a re-entrant hexagon. Based on the geometrical arrangement
of yarns in the structure, a micro-level geometrical model was proposed in terms of the yarn
parameters to establish a relationship between PR and tensile strain through semi-empirical
equations. The following conclusions can be drawn according to the study.

1. As the geometrical model is based on the micro-level analysis of the structure, therefore,
it is useful to predict the auxetic behavior with given yarn parameters. Additionally, it
can help to find specific reasons for the NPR effect in relation to a particular parameter.

2. Good agreements are observed between the experimental results and the results
obtained from the established empirical equations based on the geometrical analysis.

3. It was found from the geometric analysis that the compression that is applied to
binding yarns during lateral expansion significantly affects the NPR of the structure,
i.e., the NPR decreases by 62.5% after the compression of the coarse binding yarn.
Therefore, the compressive stiffness of binding yarn should be considered carefully.

4. The diameter of binding yarn and the spacing between the two binding yarns affect
the lateral crimp percentage of the warp yarn. Both the diameter and spacing of
binding yarns have an inverse relationship with the crimp percentage of the warp
yarn. For example, the PR of the samples are −2.1 and −3.0 when the binding yarn
spacing is 2.8 mm and 3.2 mm, respectively.

5. The lateral crimp of warp yarn has a strong relationship with the NPR of the structure.
The NPR increases if the crimping degree is lower and decreases if the crimping
degree is higher. For example, when the lateral crimping of warp yarn is 8.09%, the
PR is −2.0, while the PR for a lateral crimping of 7.95% is −3.78.
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The retainability of the auxetic effect is of great significance to its practical application.
Therefore, the auxetic behavior of the fabrics under repetitive tensile forces can be evaluated
experimentally. Furthermore, the current study uses coarse yarns to produce the fabric. The
auxetic fabric can be used for broader applications if the fabric is developed with finer yarns.
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Abstract: The rising threats to worldwide security (affecting the military, first responders, and
civilians) urge us to develop efficient and versatile technological solutions to protect human beings.
Soldiers, medical personnel, firefighters, and law enforcement officers should be adequately protected,
so that their exposure to biological warfare agents (BWAs) is minimized, and infectious microorgan-
isms cannot be spread so easily. Current bioprotective military garments include multilayered fabrics
integrating activated carbon as a sorptive agent and a separate filtrating layer for passive protection.
However, secondary contaminants emerge following their accumulation within the carbon filler. The
clothing becomes too heavy and warm to wear, not breathable even, preventing the wearer from
working for extended hours. Hence, a strong need exists to select and/or create selectively permeable
layered fibrous structures with bioactive agents that offer an efficient filtering capability and biocidal
skills, ensuring lightweightness, comfort, and multifunctionality. This review aims to showcase
the main possibilities and trends of bioprotective textiles, focusing on metal–organic frameworks
(MOFs), inorganic nanoparticles (e.g., ZnO-based), and organic players such as chitosan (CS)-based
small-scale particles and plant-derived compounds as bioactive agents. The textile itself should be
further evaluated as the foundation for the barrier effect and in terms of comfort. The outputs of a
thorough, standardized characterization should dictate the best elements for each approach.

Keywords: advanced protection; protective textiles; biological warfare agents; antimicrobial;
metal–organic frameworks; zinc oxide nanoparticles; chitosan-based nanoparticles

1. Biological Warfare Agents (BWAs)

In their daily lives, the world population is exposed to several threats that put their
wellbeing and health at risk. Chemicals and BWAs are some of these threats [1]. BWAs
include bacteria, viruses, fungi, and biological toxins and are responsible for several
diseases such as anthrax, plague, tularemia, botulism, smallpox, and viral hemorrhagic
fever [2,3]. BWAs are higher-risk agents for use as biological weapons and present variable
mortality rates that depend on the biological agent and the mode of transmission/route
of exposure. Their use for this purpose can promote large-scale morbidity and mortality,
affecting a large number of people [2,4,5]. The early detection of a biological attack, namely
of the agent involved, is crucial to their effective management and resolution, so that
lower mortality rates can be attained. According to several criteria such as the ease of
transmission, the severity of morbidity and mortality, and the probability of use, BWAs were
classified by Centers for Disease Control and Prevention (CDCs) into different categories,
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specifically: Category A (highest risk to the public and national security—high priority
agents); B (second-highest priority agents); and C (third-highest priority agents—emerging
threats for disease) [6]. Some of the most relevant BWAs that are most likely to be used,
with high mortality rates and a high potential for a major public health impact, belong to
category A and are listed below.

1.1. Bacteria
1.1.1. Anthrax

Bacillus anthracis, a spore-forming Gram-positive rod bacterium, is one of the most
popular biological weapons in bioterrorism. It causes anthrax. A relevant example of a
B. anthracis-driven biological attack happened in the 21st century (2001) in the US via the
postal system (letters containing spores). This attack resulted in 22 infected people, of
whom 5 died. B. anthracis is considered an effective BWA due to its ability to be aerosolized,
form spores, and be easily cultured, as well as its capacity to remain viable for a long period
of time in the environment. It can persist in the spore state for years or even decades,
with the spores being extremely resistant to heat, irradiation, desiccation, and disinfectant
action [7]. This bacterium is in the top list of the Category A priority pathogens [8].
B. anthracis has a short incubation period, usually 48 h, but it may be up to 7 days [9].
Its symptoms include fever, nausea, vomiting, sweats, dyspnea, respiratory failure, and
hemodynamic collapse [10]. Toxin production (exotoxins: lethal toxin and edema toxin) is
one of its virulence factors, along with the presence of a capsule that helps B. anthracis to
evade host immunity. The natural incidence of anthrax is rare, occurring via contact with
contaminated soil, infected animals, and infected or contaminated animal products [10–12].
The global anthrax prevalence is around 28%. The incidence was decreased during the
20th century. According to the World Health Organization (WHO), the estimated anthrax
annual incidence is between 2000 to 20,000 cases [10,11]. The mortality rate is very high,
mainly in cases of gastrointestinal anthrax, where the average is 25–60%, though it can
reach 100%. Cutaneous anthrax, the most common form of disease manifestation, is
known to provoke death in less than 20% of cases [13]. Injectional anthrax, a more recent
form of the disease, has a mortality rate of 35% despite medical treatment [12]. The
inhalational form has the worst prognosis, with a fatality rate of 80% or higher [14]. Prompt
treatment with antibiotics is curative and enhances the chances of a full recovery [15].
Cutaneous anthrax is easily treated, while inhalational anthrax can be fatal even in cases
of adequate treatment. Antibiotic resistance, a global concern, is evidenced by B. anthracis
in its interaction with penicillin, highlighting the need for effective treatment options
avoiding the use of this antibiotic, as well as of related β-lactam antibiotics. Nowadays,
a combination of antimicrobials is used in the treatment of anthrax [16]. The multidrug
regimen includes at least one bactericidal agent (such as ciprofloxacin or doxycycline)
along with a protein-synthesis inhibitor (such as linezolid or clindamycin) to suppress
toxin production. An antitoxin product (such as raxibacumab, anthrax immunoglobulin) is
also recommended in parallel to the multidrug regimen to neutralize B. anthracis toxins by
inhibiting the binding of protective antigens and the translocation of toxins into cells [17].
There are also vaccines available for anthrax, but only for people from 18 to 65 years old
and at increased risk of exposure. Thus, the vaccine is recommended only for a minority of
cases, namely professionals who come into contact with animal hides and fur, and some
members of the army. Anthrax vaccine adsorbed (AVA) and anthrax vaccine precipitated
(AVP) are licensed anthrax vaccines whose immunological component is the protective
antigen, the major constituent of anthrax toxins [18]. Anthrax vaccines show a protective
efficacy of 93% against inhalational and cutaneous disease [19].

1.1.2. Plague

Another bacterium listed in Category A of bioterrorism agents is Yersinia pestis, a
Gram-negative bacterium of the family Enterobacteriaceae that causes plague, famously
known as “the Black Death”. It is associated with black scabs on skin sores. Although rare,
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plague caused by Y. pestis must be taken into consideration due to its possible intentional
use as a bioterrorism weapon. The use of this biological agent as a biological weapon
dates back to the Second World War [20,21]. Regardless, 75% of global plague cases have
occurred in Madagascar, presenting an annual incidence of 200 to 700 suspected cases.
Currently endemic, Madagascar endured an outbreak of plague in 2017, with a total of
2417 confirmed cases of plague and 209 patient deaths [22]. The mortality rates are indeed
high, with pulmonary plague presenting a mortality rate of 40% and being fatal when
untreated [23]. In parallel with B. anthracis, Y. pestis is one of the most virulent and deadliest
BWAs, presenting mortality rates of 100% within 3 to 6 days postinfection [21,24,25].
Y. pestis is a nonmotile, non-spore-forming coccobacillus [20]. This bacterium has a short
incubation period, usually 2 to 3 days, and symptoms include fever, headache, and general
malaise. Plague can manifest in one of three clinical forms: bubonic plague, septicemic
plague, and pulmonary plague, the latter being the most severe [26]. Plasminogen activator,
Pla, is one virulence factor used by Y. pestis to overcome host immunity, since Pla adhesion
and proteolytic ability have a crucial role in the manipulation of the fibrinolytic cascade
and immune system [27]. Plague is a vector-borne illness transmitted by fleas from rodent
reservoirs, but it can also be transmitted by direct contact or via aerosols (the inhalation of
respiratory droplets). Fortunately, human cases are successfully treated with antibiotics
(such as streptomycin, gentamicin, or ciprofloxacin). However, there are at least two
cases of strains isolated in Madagascar (Y. pestis 16/95 and 17/95) exhibiting antibiotic
resistance [20]. This poses an additional challenge for the control and management of
the disease. Promising vaccine candidates are being created [28–30]. However, as of now,
no licensed vaccine exists for plague. Once again, a quick diagnosis and treatment with
antibiotics is crucial to a full recovery [23].

1.1.3. Tularemia

Tularemia is another potential BWA [31,32]. In fact, tularemia is nowadays recognized
as a reemerging disease due to the role of Francisella tularensis and its potential for misuse
as a biological terrorism weapon [31,33]. This disease is caused by the Gram-negative
coccobacillus-shaped bacterium F. tularensis [31,32]. F. tularensis is a pleomorphic, non-
motile and non-spore-forming bacterium. This infectious bacterium is easily disseminated
by aerosols, has a low infectious dose, and is associated with rapid and fatal disease. Tu-
laremia can be spread by vectors, direct contact with water contamination, sick animals,
and inhalation. F. tularensis virulence factors consist mainly in their envelope (capsule,
outer membrane, lipopolysaccharide, periplasm, inner membrane, among others), an outer
structure that confers protection from host immunity and promotes infection and dis-
ease [34]. The incubation period for this bacterium is typically short, 3 to 5 days on average,
up to 2 weeks [35]. Tularemia symptoms are highly variable and depend on the route of
infection [36]. However, the most common include fever, headache, chills, malaise, and a
sore throat [34,37]. The worldwide incidence of tularemia is not known [31], but it is known
that the incidence of cases of tularemia declined during the 20th century [38]. Currently,
in the US, about 200 cases of tularemia per year are reported [39]. Tularemia is a disease
characterized by high morbidity and mortality. In untreated cases, the mortality rate ranges
from 30 to 60%, while with treatment the death rate is less than 2% [40]. After tularemia
recovery, some sequelae might occur, such as residual scars, lung and kidney damage, and
muscle loss [36].

The treatment of this disease consists of antimicrobial therapy, specifically, antibiotics
(quinolones, tetracyclines, or aminoglycosides) [32]. Although F. tularensis showed an-
tibiotic resistance to, for example, ampicillin, meropenem, daptomycin, clindamycin, and
linezolid, and is only susceptible to a small range of antibiotics, so far it has responded well
to the antibiotics usually used to treat tularemia (gentamicin, ciprofloxacin, levofloxacin,
and doxycycline) [41]. No vaccine is yet available for the prevention of this disease. How-
ever, clinical assays have been developed in order to find a vaccine against tularemia, and a
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mutant strain (∆pdpC) tested in animals (mice and monkeys) was demonstrated to be a
good candidate for a live attenuated vaccine against F. tularensis [42].

1.2. Virus
1.2.1. Smallpox

Although declared eradicated in 1980, smallpox, caused by the variola virus, remains
a major threat to humanity due to its possible use as bioweapon [43,44]. The variola
virus is an orthopox virus, one of the largest viruses to infect humans, belonging to the
Poxviridae family [45]. It has a high mortality rate, high stability in an aerosol state, high
transmissibility and high contagiousness among humans, a significant impact, and a great
need for special preparedness. It is one of the most fatal diseases to have ever existed,
presenting mortality rates of up to 30% (variola virus variant) [46]. The smallpox virus has
a long incubation period, usually 11 to 14 days, and early symptoms include a fever and
nonspecific macular rashes [47]. The variola virus is transmitted via respiratory droplets,
cutaneous lesions, infected body fluids, and fomites. Smallpox sequelae include permanent
scarring, which may be extensive; blindness resulting from corneal scarring; the loss of lip,
nose, and ear tissue; arthritis; and osteomyelitis [48]. Smallpox inhibitor of complement
enzymes (SPICE) and chemokine-binding protein type II (CKBP II) are considered two
virulence factors of the variola virus, helping it evade the human immune system [49].

The smallpox vaccine, discovered by Edward Jenner in the 18th century, was the first
vaccine to be successfully developed, involving the use of the cowpox virus to prevent
smallpox [50]. In the 20th century, the first-generation vaccine comprised a strain of
vaccinia virus followed by a second-generation vaccine based on the use of clones of
the vaccinia viral strains used in the first-generation vaccine [51]. However, due to the
controversial and severe adverse reactions to these vaccines, a safe and effective third-
generation vaccine is being considered. KVAC103, a highly attenuated vaccinia virus strain,
was recently proposed as such a candidate [45]. Tecovirimat, a small molecule used to
treat smallpox, was the first smallpox antiviral therapeutic approved by the US Food and
Drug Administration, but the smallpox virus has demonstrated resistance to it [44]. The
latter constitutes a current concern that highlights the urgent need for multitherapeutic and
effective strategies to fight this disease [52].

1.2.2. Viral Hemorrhagic Fever
Ebola

The Ebola virus, which is suitable to be used as a BWA, belongs to the filoviridae
family and is one of the causative agents of viral hemorrhagic fever in humans. This virus
was first discovered in 1976 in the Democratic Republic of Congo, where the first Ebola
outbreak occurred [53]. Currently, Ebola outbreaks continue to be recurrent in Africa, and its
increased incidence requires an early detection in order to avoid the risk of an epidemic [54].
Since its discovery, over 20 outbreaks have occurred. Ebola fever is a fatal disease presenting
a mortality rate ranging from 25 to 90%, and it is easily transmitted by direct contact
with infected individuals (body fluids) [55]. The Ebola virus is a filamentous virus with
a characteristic twisted thread shape. It has an incubation period of 2–21 days, with
symptoms including fever, malaise, headache, diarrhea, and vomiting, and it can evolve into
multiorgan failure (lungs, heart, kidney, liver), shock, and death [56]. Recovery is possible,
though some sequelae can occur after disease recovery, including joint and vision problems,
tiredness, and headaches [57]. The main virulence factors of the Ebola virus include
some proteins such as virion proteins 35 and 24 (interferon antagonists) and glycoprotein,
which interfere with the activation of a dysfunctional immune response and facilitate
the attachment to host-cell surface receptor molecules and viral entry, respectively [58].
Currently, Ebola vaccines are being developed, including five promissory candidates, of
which Ervebo, Zabdeno/Mvabea, and cAd3-EBOZ are the most advanced, based on a
viral vector or on a modified version of a harmless surrogate virus. Among these, two
are licensed (Ervebo and Zabdeno/Mvabea). The CanSino and GamEvac vaccines are
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also licensed, but only for emergency use in China and Russia, respectively. Although
vaccines are available for Ebola, several questions remain unclear regarding their durability,
safety, interaction with other therapeutics and vaccines, stability, etc. Other issues are
related to vaccine costs, the narrow range of action (protection against only one species
of Ebola virus), and the likely occurrence of intraspecies mutations that can affect the
effectiveness of the vaccine [59]. Vaccinations are routinely administered for the Ebola
disease only for individuals at high risk of exposure, due to the limited vaccine quantities,
their unpredictable nature, and the relative rarity of Ebola outbreaks (mostly occurring in
the regions of Central and West Africa) [60,61].

Lassa Fever

The Lassa virus is the causative agent of Lassa fever in humans, and it is an enveloped,
single-stranded, bisegmented, negative-strand RNA virus belonging to the arenavirus
family. It is responsible for 2 million cases of Lassa fever and 5000–10,000 deaths annu-
ally [62]. Lassa fever is an often-fatal hemorrhagic disease, first discovered in 1969 in
Nigeria. This infection occurs mainly in West Africa and Nigeria and poses significant
epidemic threats due to its high mortality (21–69% [63]) and morbidity rate and its highly
contagious nature [64,65]. Lassa fever can have a zoonotic origin or can be transmitted by
direct contact (aerosols or fluid secretions) with infected individuals. Its incubation period
is 1 to 3 weeks. Lassa fever is normally asymptomatic in the initial stage or can present
nonspecific symptoms such as fever, headache, malaise, and general fatigue, which can lead
to a delay in diagnosis and treatment [66]. The progress of the disease leads to multiorgan
collapse and hemorrhagic fever [67]. A prompt diagnosis and treatment is crucial to full
recovery and, in fact, cases of severe Lassa fever with complete recovery were recently
reported [66]. The recurrent outbreaks of Lassa fever and the emergence of the Lassa virus
as well as its epidemic potential have highlighted the need for research into vaccines and
treatments. To date, no approved vaccine is available to prevent the disease, and the thera-
peutic choices are limited [67]. Ribavarin, a synthetic nucleoside, is the only antiviral option
available for the treatment of Lassa fever [68–70]. Currently, other therapeutic strategies
are being developed and evaluated in humans and animal models. Of these, favipiravir
and a human monoclonal antibody cocktail (Inmazeb) have shown potential to be used in
clinical settings [62]. In parallel, several vaccine candidates are being examined, the most
promising of which is based on the recombinant vesicular stomatitis virus, reassortants
expressing Lassa virus antigens, and a deoxyribonucleic acid platform [71]; however, to
date, no vaccine has passed the preclinical stage and evidenced both safety and efficacy in
humans [62,71,72]. The main target used for the design of antibody-based therapeutics and
Lassa virus vaccines is the envelope glycoprotein complex. This protein displayed on the
surface of the Lassa virus can be considered a virulence factor, since it is essential for the
attachment and entry of the virus into human cells [73].

1.3. Toxins
Botulism

In the case of botulism, another concerning BWA, the causative agent is the highly
potent biological toxin botulinum neurotoxin produced by neurotoxigenic clostridia such
as Clostridium botulinum. This toxin is the main virulence factor of this bacterium [74].

C. botulinum is a Gram-positive bacillus, spore-forming, anaerobic bacterium [75]. Nat-
ural cases of botulism are rare. Still, this toxin is easily produced, stored, and disseminated
and presents extreme toxicity (lethal dose (LD50) = 1–3 ng/kg of body mass [76]). As a
bioweapon, botulinum neurotoxin could be spread in food sources and via aerosolization.
Between 1920 and 2014, only 197 outbreaks were reported, of which 55% occurred in
the US, with an average of 110 cases reported annually. Botulism is a serious paralytic
disease [77]. The toxin acts by blocking the release of a neurotransmitter, acetylcholine,
at the neuromuscular junction, interfering with the nervous impulse and causing muscle
paralysis [78].
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Symptoms usually appear within 12–72 h after contact with the toxin. If untreated,
botulism can progress to cause paralysis in various parts of the body, including respiratory
muscles, leading to patient death. Patients with botulism may have a slow recovery that
lasts days or even years. A prompt diagnosis and treatment can lead to full recovery in
2 weeks. In fact, reduced mortality was observed with the early administration of antitoxins
and high-quality supportive care [79]. However, some sequelae can occur, such as feeling
tired, shortness of breath, and ongoing breathing problems for a long time. Antitoxin
therapy is the first-line therapeutic strategy used to promote toxin neutralization and
elimination from blood circulation, being more effective when administered early in the
course of the disease. It consists of antibodies or antibody antigen-binding fragments,
whose purpose is to block the neurotoxin produced by C. botulinum [80]. However, patients
may additionally require mechanical ventilation and/or other supportive measures until
total recovery from paralysis. The availability of antitoxins and improvements in supportive
and intensive respiratory care have substantially reduced the mortality rate by up to 5–10%
in humans [77,81,82]. Unfortunately, although current treatment modalities can help
to mitigate the progression/symptoms and accelerate recovery, no true antidote exists
following exposure to botulinum neurotoxin [76,77,83]. Fortunately, vaccines are being
developed to confer appropriate immune responses following incubation with the BWA,
either in the case of a biothreat emergency or infectious disease outbreak [84–86].

2. COVID-19

COVID-19 is an acute respiratory illness that ranks third in terms of fatal coronavirus
diseases threatening public health, with this kind of virus having emerged as a threat to
people in the 21st century [87,88]. COVID-19 is caused by SARS-CoV-2, a beta-coronavirus,
which was first reported in 2019 in China. Since then, SARS-CoV-2 has quickly spread
all over the world, resulting in a pandemic situation that was declared by the WHO as a
Public Health Emergency of International Concern. Its high morbidity and mortality rate
have resulted so far in over 120 million infections and 2.5 million deaths worldwide in
1 year [89,90]. Although it has not been classified as a BWA by CDCs, and the origin/cause
of its emergence is controversial, it is considered a global threat to health and safety and is
already regarded as the greatest threat of this century [87]. The extremely high transmission
rate of SARS-CoV-2 was one of the factors that contributed to its rapid propagation [91,92].
The virus is primarily transmitted by respiratory droplets and aerosol and contact routes.
The implementation of the use of face masks or coverings was one of the strategies used to
prevent virus transmission during the pandemic [90]. Such biological threats, whether of
natural or intentional origin, highlight the extreme importance of bioprotective materials
as fundamental to minimizing the consequences of this kind of threat.

3. Antimicrobial Activity Test Methods

Microorganisms can be carried by textiles and even multiply themselves in this envi-
ronment, which is the reason why this kind of substrate is regarded as a possible vector of
infection and disease transmission in hospitals and communities [93]. On the other hand,
textiles can be used as means of protection against the transmission of diseases, including
biological and chemical threats. In reality, there is a growing body of research concerning
the development and application of textiles for military use, aiming at providing protection
in a wide range of hostile environments and with a rapid effect on bacteria, fungi, viruses,
and even toxins.

Biological threats do not have simulants in the same way as CWAs; however, for
bacteria, several standard strains are typically used to evaluate the biocidal capacity of
proposed textiles [94]. These selected strains are easily handled in the laboratory using
well-established assaying protocols and representative bacterial strains of each group, in-
cluding Staphylococcus aureus (Gram-positive bacteria) and Escherichia coli (Gram-negative
bacteria) [94–98]. Gram-positive and Gram-negative bacteria differ in their cell wall struc-
ture, and this difference affects their susceptibility to antimicrobials [99,100]. The cytosol
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of Gram-positive bacteria is encircled by a cytoplasmic membrane attached to a thick
peptidoglycan layer, while the cell wall of Gram-negative bacteria contains two distinct
lipid membranes, the cytoplasmic cell membrane and the outer membrane, with a thin
layer of peptidoglycans in between [100–102]. In addition to the two aforementioned
microorganisms, which are the most commonly used in this type of evaluation, Candida
albicans, a unicellular fungus, is another regularly assessed species [103]. However, many
others are also routinely used, of which Pseudomonas aeruginosa and Klebsiella pneumoniae,
both Gram-negative bacteria, can be emphasized [95,103–109]. The viricidal potential
is often examined using model viruses such as bacteriophage MS2 (a surrogate of the
SARS-CoV-2 virus) and P22 (a surrogate of the Salmonella virus), even though rotavirus and
severe-acute-respiratory-syndrome-associated coronavirus (SARS-CoV) have been used
to test potentially protective textiles [94]. In short, test microorganisms should be selected
according to the intended application of the textile [99].

Test standards for antimicrobial textiles usually consist of two types of testing method:
qualitative (first-step screening of the antimicrobial activity of antimicrobial textiles) and
quantitative [110]. Among the various standards available, AATCC 147, JIS L1902, AATCC
100, and ISO 20645 are the most relevant examples [100,110]. Qualitative methods (agar
diffusion assay) are based on the measurement of the halo, a clear zone of inhibition around
the sample. In quantitative methods, the evaluation of the antimicrobial activity is more
efficient and is based on the measurement of the number of microorganisms (or colony-
forming units) after 18–24 h of contact with the textile material [93]. The different standards
differ in the inoculation method, sample size, inoculum concentration, culture medium,
and buffer formulation, among other things [110].

4. Biological Protective Textiles

The development of protective clothing is crucial nowadays, as there are increased
levels of harmful biological threats, both for military forces and civilians [111]. The main
purpose of barrier textiles is to protect the user against external hazards such as BWAs
while maintaining safety and comfort next to the skin [112]. Figure 1 illustrates, in a simple
manner, the different types of conventional biological protection, namely an impermeable
membrane (A), an air-permeable shell layer (B), a semipermeable shell layer (C), and a
selectively permeable membrane (D). However, most of the available protective clothing
systems rely on passive protection, acting as a full barrier against air, vapors, and liquids,
as in hazardous materials (HAZMAT) suits (Figure 1A) [111]. Materials that are chemically
or mechanically unresponsive to the environment must be engineered to meet performance
specifications under worst-case-scenario conditions, often sacrificing performance for the
sake of other parameters [113]. Air-permeable overgarments are most frequently composed
of an activated-carbon layer to adsorb toxic vapors, designed to be worn over battledress
duty uniforms (Figure 1B) [111,112]. Although activated-carbon adsorption material has
protective properties, it is limited by a nonselective adsorption, poor protection perfor-
mance against large toxic liquid droplets, and secondary pollution. Hence, current needs,
new materials, and new technologies are acting together to promote the advances of per-
meable protective suits in pursuit of high performance, multifunctionality, lightweightness,
and comfort [114]. The development of new protective clothing with different features
that can adsorb hazardous agents is envisioned, which can be accomplished by using
different fibrous materials and by following a specific design. Selectively permeable fabrics
are important to improving the user’s comfort by reducing the airflow through the fabric
layers while keeping a high water-vapor permeability [114]. As an example, the integra-
tion of electrospun nanofiber membranes in textile fibrous structures produces a high
aerosol filtration efficiency, good air permeability, low surface density, and low-pressure
loss, thanks to the small but highly interconnected pores and large surface area of built
nanofibers [1,114]. In addition, active protection appeared as a promising concept to detect
and inactivate/degrade microorganisms and BWAs, while considering that materials capa-
ble of responding to their environment may achieve optimal performance under a much

43



Polymers 2022, 14, 1599

wider set of conditions [1,113]. This can be achieved either by using fibers such as the ones
prepared via electrospinning or by functionalizing textiles with nanomaterials that possess
those capabilities.

Figure 1. Schematic representation of the different types of conventional biological protec-
tion: (A) impermeable membrane; (B) air-permeable shell layer; (C) semipermeable shell layer;
(D) selectively permeable membrane (adapted from [111,112]).

The development of biological protective clothing depends on a combination of dif-
ferent requirements, such as a barrier to liquids, water vapor permeability, and stretch
properties. However, it also depends on parameters such as weight and comfort for the
wearer, which will ultimately influence the level and durability of the protection. The type
of biological threat also impacts this selection and constitutes one of the reasons why the
requirements must be established beforehand [115].

This section will focus on the different materials and techniques, from the conventional
to the innovative protection methods.

4.1. Fibrous Materials

Protective clothing can be achieved through the usage of several different fibrous
materials, which are listed in this subsection with regard to the current solutions and the
new developments.

4.1.1. Conventional Protection

Commonly used materials for totally impermeable protective clothing are butyl and
halogenated butyl rubber, neoprene, and other elastomers [115]. Even though they are
effective in conferring a barrier against liquids, vapors, and aerosols, they impede moisture
vapor from travelling from the user’s body and skin to the environment. This is why
fibrous materials are exploited in the development of protective clothing.

Conventionally, synthetic fibers such as polyester, polyethylene, polypropylene, polyamide,
and polyurethane are used to fabricate protective clothing [116]. Natural fibers such as cot-
ton, wool, and those regenerated from naturally available polymers can also be employed to
provide not only protection (mostly thermal) but also comfort. These are advantageous for
protective textiles in comparison to synthetic fibers due to their biocompatibility and low
cost, among other things, but they normally require combination with high-performance
fibers or post-treatment and finishing processes [1,117–119]. While collecting data on
protective textiles, the dominance of cotton fiber is evident. This is mainly because of
its natural comfort, appearance, and excellent performance, such as its alkali resistance,
hydrophilicity, and moisture retention. Cotton fiber has, however, poor crease recovery,
poor dye fixation, microbial growth, photo-yellowing, and poor color fastness properties
that need to be improved [120]. Nevertheless, numerous strategies are being developed to
overcome such limitations.

4.1.2. Innovative Protection

Some specific fibers can be used in a way that provides sensing and responsive
capabilities, making active protection possible. For instance, high performance fibers such
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as ceramic fibers, carbon fibers, stainless steel, and aluminum fibers can be employed [121].
However, most of these lack moisture management properties and are not durable, which is
the reason why they are normally mixed with conventional fibers or interwoven in fabrics.

4.2. Fibrous Structures

Different fibrous structures can be developed, and these are presented in this subsec-
tion with respect to conventional and active innovative protection.

4.2.1. Conventional Protection

Completely impermeable suits can be achieved by film-laminated fabrics as a full
hazardous barrier (Figure 1A). However, these do not meet the comfort requirements after
a long operational time, as the water vapor permeability is high, which causes heat stress
for the wearer.

Air-permeable fabrics are usually made of a woven shell fabric, an activated-carbon
layer, and a liner fabric (Figure 1B) [115]. The activated-carbon layer is crucial for adsorbing
toxic chemical vapors, since the outer layer is permeable not only to air, liquids, and
aerosols, but also to vapors.

Another technique to improve the comfort of protective clothing is to use an imperme-
able material as a barrier for the outer part and a more breathable material for the inner part.
To this end, semipermeable fabrics are designed (Figure 1C). In addition, a perm-selective
membrane that allows the permeation of water vapor molecules but inhibits the passage of
larger organic molecules (Figure 1D) can also be developed. Several materials, mostly poly-
mers, have been used for these semipermeable or selectively permeable membranes (SPMs),
such as poly(vinyl alcohol), cellulose acetate, cellulosic cotton, or poly(allylamine). The
development of different membranes for protective textiles has been thoroughly reviewed,
from the barrier films and breathing membranes to the future directions that advocate the
use of selectively permeable barriers, which are schematically represented in Figure 2.

Figure 2. Detailed schematic drawing of a selectively permeable membrane (adapted from [111,112]).

Nonwoven fabrics made of a three-layered composite (spun-bonded, melt-blown,
spun-bonded) are also a common option for biological protection [1,122]. However, the
passage of BWAs through multilayered protective clothing is rather complex and thus
must be thoroughly studied. The combination of different layers and barrier properties,
in addition to the skin breathability and comfort, must be optimized. The gas/vapor
transport by diffusion and convection should be studied and correlated with the vapor and
liquid sorption of the protective fabrics in order to assess the degree of protection. The
results highly depend on the properties of the materials used, such as yarns and fibers, but
also on the fabric construction and clothing assembly [123]. Additionally, the intertwined
interactions between some parameters are key, such as the fabric thickness, adsorption, and
air permeability properties. Modeling work appears as a promising tool for the prediction
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and representation of air flow through designed fibrous arrangements and structures. With
this, 2D structures can be developed and assessed in terms of their performance.

4.2.2. Innovative Protection

There is an increasing interest in the development of active solutions for protec-
tion, with the ability to neutralize BWAs. Smart textiles have appeared and present a
wide range of applications, including self-cleaning, phase-transition fabrics and protec-
tive clothing [124,125]. Nanotechnology has appeared as a promising solution to develop
protective textiles with specific functionalities, such as UV protection, antimicrobial ac-
tivity, and chemical resistance [112]. Particularly, the use of nanotechnology in chemical,
biological, radiological, and nuclear (CBRN) protection clothing has arisen as an excellent
possibility. The properties of nanoparticles, nanowires, nanotubes, nanostructures, and
nanocomposites are distinctive from those of bulk materials.

An ultrahigh surface area and high surface concentrations are desired for the attach-
ment of biocides and the destruction of adsorbents. This way, nanofibrous networks and
consequent closely packed assembly has turned electrospinning into a highly attractive
technique to produce membranes for biological protection [126]. A matt of nanofibers can
be deposited, creating a randomly oriented fibrous assembly comparable to a nonwoven
fabric, but this random assembly can also be collected and oriented into a yarn. The pro-
duction of electrospun nanofiber-based membranes is promising for the achievement of a
clothing system with a lighter weight. In addition, the small pores between fibers improve
particulate retention, absorbing hazardous microorganisms. Electrospun polyurethane
fibers have been shown to be effective in regard to their elasticity. Since biological agents
penetrate fabric and skin in a slow manner, the decontamination of the surface is crucial
and does not require immediate neutralization to make sure that the fabric and skin are not
penetrated [111]. This, once again, points to the functionalization of fabrics as a promising
solution. The combination of this with structured multilayered protective clothing can be
highly advantageous for future developments.

4.3. Bioactive Agents

The latest research has directed its efforts at the study of metal–organic frameworks
(MOFs); quantum dots; and inorganic particles integrating silver (Ag), copper (Cu), zinc
(Zn), and titanium (Ti) cations. Glimpses of the potential of natural polymer chitosan (CS)
or derivatives as BWA-counteracting agents, applied as a coating layer or in the form of
organic particles (loaded or not with plant-derived compounds such as plant extracts and
essential oils (EOs)) can be perceived. Hydrogen-bonded organic frameworks (HOFs),
which emerged recently, are also showing high potential to act as self-cleaning materials.
The following sections will describe the aforementioned bioactive agents, unveiling the
details of their biocidal potential, mechanisms of action, and known limitations.

4.3.1. Metal Organic Frameworks (MOFs)

Zr is ubiquitous in nature, favoring research with Zr-based porous materials, namely
zirconium dioxide (ZrO2) or zirconia, which have outstanding optical and electrical features
for the development of transparent optical devices, capacitors, fuel cells, and catalysts.
Recently, a new class of Zr-based highly porous hybrid materials has emerged, consist-
ing of inorganic metal-ion or metal-oxide clusters bridged by organic linkers, possessing
tunable pore sizes, surface area, pore volumes, and responsiveness to visible light [127].
Zr-based MOFs are attracting tremendous attention from the scientific community and
have started to become known for having the ability to degrade BWAs (research was
first directed at CWAs) and thus having great potential as protective layers in suits or
masks or in air purification systems (capturing toxic gases), since the metal-containing sec-
ondary building units function as Lewis acid sites for the catalytic hydrolysis of hazardous
compounds [57,127–129].

46



Polymers 2022, 14, 1599

The overall use of MOFs is, however, hindered by the intractable powdery or crys-
talline forms of the prepared catalysts, which additionally require complex instrumental
settings for their processing [128,129]. Another limitation stems from the fact that, in order
for them to act as antimicrobial agents, their structure needs to be robust; a release of
metal ions (or active linkers) leads to the collapse of the structure. As a consequence,
these structures may only be used as temporary microbicidal surfaces. Regardless, MOFs
have been instrumental as light-induced disinfectants for pathogens [94]. Scarce, but
solid, literature exists linking MOFs to military biological protection. Cheung and col-
leagues [128] screened an MOF derivative against both CWAs and BWAs. They introduced
regenerable MOFs, using a N–chlorine biocide, into a textile via a porous UiO-66-NH2 (a
stable zirconium-based MOF with -NH2 functional groups in its organic ligands) as the
regenerable carrier. The active chlorine atoms were bonded to the amine-functionalized
linker in the ordered framework to form chloramine groups by a simple immersion pro-
cess in commercial bleaching solutions. The active-chlorine-loaded MOF/fiber composite
(UiO-66-NH-Cl/PET; PET = polyethylene terephthalate) quickly killed both Gram-positive
S. aureus and Gram-negative E. coli bacteria, as well as the SARS-CoV-2 virus, after a few
minutes. The active N−Cl in the modified Zr-MOF coating was stable and regenerable,
acting through the slow release of active chlorine through the pores of the MOF when in
contact with the pathogens. The active chlorine could then be generated after water (from
the surroundings) was used to hydrolyze the N−Cl to form HClO. The porosity of the MOF
allowed the diffusion and slow release of the active chlorine, as the chlorine on the surface
was consumed. N–chloramides had previously been deemed as self-decontaminating
and regenerable against multiple CWAs, with the goal of using them within military
textiles [130].

4.3.2. Inorganic NPs

Nanoparticulate systems are colloidal-sized particles with diameters between 1 and
1000 nm. Their size offers a high surface/volume ratio and a correlation with the structural
sizes of biological components: they are small enough to pass through biological barriers,
internalize some target cells, and influence multiple cellular processes [131]. Inorganic NPs
comprehend metallic, bimetallic, metal oxide, and magnetic elements in their structure [132],
with metal oxide NPs containing silver (Ag), copper (Cu), zinc (Zn), or titanium (Ti) cations
being the most studied in the fight against microbes such as those that constitute BWAs,
alone or combined for synergistic activities. However, there are different types of inorganic
NPs with particular characteristics and mechanisms of action against pathogens. In addition
to their inherent physical structure, one of the main antimicrobial mechanisms exerted
by inorganic NPs is reactive oxygen species (ROS) production [133]. When in direct
contact with cells, NPs act through electrostatic attraction, ligand–receptor interactions,
hydrophobic reactions, and van der Waals forces. Bioactive metallic ions are likewise
released through the metal oxides that absorb the cell’s peripheral layers, allowing them
to interact with the functional groups of biomolecules, such as proteins and nucleic acids,
extra- or intracellularly. This triggers cell metabolic and structural changes, generating
homeostatic imbalances [134].

Silver (Ag) NPs wield bacteriocidal effects on both Gram-negative and Gram-positive
bacteria at relatively low drug dosages, but side effects such as cytotoxicity in vitro and al-
lergic responses in vivo may happen in the case of an overdose or prolonged use. Moreover,
Ag NPs are prone to aggregate and have poor stability, even though stabilizers such as
polyvinylpyrrolidone (PVP) or sodium dodecyl sulphate can be used to assist in shielding
the corona of Ag NPs from disintegration, augmenting their diffusivity and contact with
the microbes while decreasing their toxicity. Alternatively, Ag NPs can be anchored to
the surface of some materials, thus relieving the weight of Ag NP-associated disadvan-
tages [135]. In all cases, the main mechanism of action of Ag NPs against pathogens require
the attachment and interaction of multiple NPs to the cell surface [53]. This induces the
disruption of the microbe outer layer functions and the dissipation of the proton motive
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force. Small Ag NPs of a few nanometers may even alter the morphology of the cell wall,
increasing their internalization and ultimately killing the cell [102]. Compared to Ag and
gold (Au), copper (Cu) is cheaper and more attainable, biocompatible, and environmentally
friendly. Cu NPs dissolve faster than other noble metals by outward ion release. Cu is an
essential element to life, and it is a key regulator in several pathways that are essential
for living. As such, Cu ion release can take part in some of these pathways. On the other
hand, Cu NPs may accumulate in the body or release too many ions, causing long-term
toxicity or contributing to the development of related diseases [134]. The work of Bhat-
tacharjee et al. [104] disclosed that the application of either Ag NPs or Cu NPs enhanced
the antimicrobial potency of the built structures for future use in protective clothing and
medical textiles. Ag and Cu have broad intrinsic spectra of antimicrobial activity. The
first biological barrier of microorganisms is traditionally negatively charged. Hence, these
cationic NPs are able to disrupt cell membranes due to electrostatic attraction and form
hydroxyl free radicals, resulting in lipid and protein oxidation. The results of the antibac-
terial activity underlined Ag NP-embedded samples as the most efficient bactericides. A
plausible explanation could be the formation of an oxide layer on the Cu NPs, given that Cu
NPs are highly susceptible to oxidation, when stored under ambient conditions. However,
considering the toxicity of Ag NPs and the much lower cost of Cu, Cu NPs are becoming
more attractive nowadays.

ZnO NPs are well-known for their low cost, availability, biocompatibility, biodegrad-
ability, and hexagonal prism shape, which allows an increase in surface roughness that
ultimately enhances cell anchorage points. Their UV protection, photocatalytic activity,
antimicrobial, self-cleaning, energy-harvesting, and biosafety features can confer multiple
functionalities to their substrates: water resistance, antimicrobial action, UV blocking, flame
retardancy, corrosion inhibition, and electrical conductivity [136]. Zn-doped NPs are in-
deed capable of endowing a fabric (e.g., cotton-derived) with superhydrophobic properties
that facilitate cleaning [136], among other functionalities, including a microbicidal capac-
ity [137]. Noorian and colleagues [138] showed excellent UV protection and significant
antibacterial efficacy even after 20 washing cycles and 100 abrasion cycles following the
in situ production of ZnO NPs, showcasing their potential for use in advanced protective
textiles. The suggested mechanisms of action were again ROS formation, Zn-ion release,
membrane dysfunction, and NP internalization, as taken from the literature. Nonmetal and
metal doping may effectively change the active wavelength threshold of the absorbed light
to the visible area [139], thus enhancing the antimicrobial characteristics in settings where
UV light is absent. Doping metals such as Ag, Cu, Au, La, Sm, and Fe and nonmetals such
as N, F, C, and S on the ZnO structure [139], or even carbon-based materials [140], enables
the possibility of achieving such outcome. However, problems related to the stability,
dispersion, and crystalline structure control of ZnO NPs in an aqueous medium seriously
hinder the industrial application of this bioactive agent [141]. Moreover, although ZnO
NPs offer significant safety and biocompatibility, several authors argue that their toxicity
within biological systems should be better understood and controlled [142–144]. These
toxic effects have so far been attributed to the high solubility of the particles, resulting in
the cytotoxicity, oxidative stress, and mitochondrial dysfunction of mammalian cells [144].

Finally, the work on TiO2 NPs has revealed good photochemical and chemical stability,
hydrophobicity, biocompatibility, a low cost, and high photocatalytic and hydrophilic
activity. These NPs are activated under UV-light irradiation and generate electron–hole
pairs that dispense Ti4+ to Ti3+ cations and oxidize O2− anions to oxygen atoms. The ejection
of oxygen atoms from the TiO2 complexes produces oxygen vacancies that are occupied
by water molecules, which in turn leave OH groups on the surface of TiO2 NPs and make
them hydrophilic. The generated electron–hole pairs induce bacterial growth inhibition
and produce ROS. The addition of carbon-based materials such as graphite enlarges the
activation range of TiO2 nanoparticles to visible light and causes increased hydrophilic,
photocatalytic, and antibacterial properties. To stabilize TiO2 and TiO2 composites, they can
also be uniformly dispersed in polymeric substrates [145]. Görgülüer et al. [146] revealed
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that the photocatalytic activity of TiO2 NPs was improved by the deposition of metal NPs
(notably Ag NPs) on the TiO2 surface, since the formation of a Schottky barrier at the
metal–semiconductor interface resulted in the more efficient capture of photogenerated
electron–hole pairs. Moreover, the surface plasmon absorption of Ag NPs can broaden
the absorption spectrum in the visible region. Regardless, a lotus leaf effect on the tested
assemblies [147] and antimicrobial activity [148,149] are generally present when TiO2 NPs
are added to the proposed substrates. However, their toxicity to human health and the
ecosystem is also a considerable concern related to their extended use [150].

4.3.3. Organic Small-Scale Particles

Organic small-scale particles comprise polymeric structures that are widely studied
in the literature as drug delivery systems. Specifically, proteins, lipids, polysaccharides,
nucleic acids, and other biomolecules are capable of being processed into small-scale
particles, with increasingly significant research pinpointing their utility for drug delivery.
These biomolecules can also be combined with inorganic nanomaterials to produce hybrid
materials showcasing features from both types of material [151].

Some recent studies have explored CS-based small-scale particles loaded with plant-
derived molecules to prevent or control infections while interspersed within fabrics to
function as protective textiles. CS is widely recognized for its tuneable biocompatibility,
bioactivity, chemical versatility, and ease of processing into a variety of structures, thus
finding itself considered of high value for numerous applications [95,131,152–156]. Plant
extracts or essential oils (widely used as folk medicine) are increasingly being studied as
antimicrobial agents, as several natural drugs have already been approved for clinical use.
Their modes of action comprise: the inhibition of cell wall synthesis, the permeabilization
and disintegration of microbial peripheral layers, the restriction of microbial physiology,
oxygen uptake and oxidative phosphorylation, efflux pump inhibition, the modulation of
antibiotic susceptibility, biofilm inhibition, the hindrance of the microbial protein adhesion
to the host’s polysaccharide receptors, and the attenuation of pathogen virulence [131].
EOs in particular act through their inherent hydrophobicity, which enables them to accu-
mulate in the cell membrane, disturbing its structure and functionality and causing an
increase in their permeability to a point at which cell lysis and death is unavoidable [153].
Notwithstanding, their loading onto/into organic particles has also been the object of
several studies, as a way of enhancing molecules’ biostability and bioactivity, along with
controlled release, thus holding the power to provide strong and durable effects. CS-based
small-scale organic carriers have tremendous potential [131,153,156–158]. Recent efforts
from the team of Bouaziz et al. [96] demonstrated that coacervated CS microcapsules, with
cinnamon EO in their cores, could substantially inhibit the growth of the tested Gram-
positive and Gram-negative bacterial strains. The antibacterial results were mainly due
to the cinnamaldehyde (the major constituent of their cinnamon EO batch) after the oil
release from the microcapsules and were not attributed to the CS itself or to the built
architecture, even though the authors did not test unloaded particles. However, a fact is
that the antimicrobial potency of CS alone is highly variable, depending on its cationic
nature, when its amine groups are protonated (which traditionally occurs at 9.5 < pH < 6.5,
depending on the degree of acetylation). CS either accumulates at the cell surface, forming
a polymer layer that prevents substance exchanges such as nutrient intake and metabolic
disposal, or, as in the case of CS with a low Mw, reaches the intracellular compartments, ad-
sorbing electronegative substances, disrupting the cells’ equilibrium, and killing them [131].
If the environmental pH is above CS’s pKa, the inhibitory effect is instead governed by
hydrophobic interactions and the chelating capacity of divalent metal ions rather than the
electrostatic interactions between its protonated amines and anionic bacterial outer-layer
structures [153]. The known limitations are associated with batch-to-batch variability, sta-
bility in physiologically compatible media, burst release, washing durability, and poor
mechanical properties [131].
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Another study, defended by Wang et al. [159], created hydrogen-bonded organic
frameworks (HOFs), which are supramolecular self-assembled π-conjugated structures of
rigid and large functional tectons that demonstrated a significant enhancement in daylight-
driven ROS generation capacity and ROS storage lifetime under dark conditions. After
daylight stimulation for 2.5 min, the fluorinated HOF-101-F/fiber killed almost 95% of
E. coli. The composite shows excellent sterilization efficiency under light irradiation and
dark treatments for five cycles without decreasing its performance. HOF-101-F, after
exposure to daylight for 30 min, could kill over 99.99% of S. aureus, Klebsiella pneumoniae,
and Mycobacterium marinum. However, the applicability of HOFs is still in its infancy, with
large conformationally flexible building blocks remaining a challenge because of rigid
molecule approximations and limitations in the accuracy of force fields to rank diverse
energy landscapes reliably, especially those where interpenetration is present [160].

Regardless, one truth is that the presence and efficiency of organic NPs within textiles
is still sporadic.

4.3.4. Carbon Nanodots

Carbon dots can be divided into carbon nanodots (CNDs), carbon quantum dots
(CQDs), and graphene quantum dots (GQDs) [151]. CQDs are newly emerging quasi-
spherical NPs with a particle size of 1–10 nm. These carbon-based materials have high
temperature resistance, outstanding electrical/thermal conductivity, high plasticity, cor-
rosion resistance, UV blocking, a high adsorption rate, good water solubility, excellent
biocompatibility, low toxicity, and a high catalytic performance [107,161,162]. Some studies
can be found describing their potential use as fluorescent probes against BWAs, in par-
ticular dipicolinic acid, a biomarker of B. anthracis [162,163] or of E. coli [162], as a result
of their low environmental hazard, high selectivity, greater sensitivity, good biocompat-
ibility, changeable fluorescent properties, and excitation-dependent multicolor emission
behaviour. CQDs are composed of sp2 carbon atoms formed in planes, with each carbon
atom being mainly connected to the three nearest neighbors with a distance of 120 de-
grees. The implantation of oxygen-, sulfur-, and nitrogen-containing functional groups
can be introduced to the sides of graphite sheets to overcome the intersheet van der Waals
forces that subsequently result in the enlargement of the interlayered spacing. However,
despite this, the applicability of CQDs is still narrowly exploited in batteries, fuel cells,
supercapacitors, and transistors, with sensing and bioimaging being indeed more actively
explored [162]. One particular study reported the integration of carbon quantum dots
clustered from the fluorescent aromatic compound named 4–(2,4–dichlorophenyl)–6–oxo–
2–thioxohexahydropyrimidine–5–carbonitrile within a textile matrix for military protective
garments [107]. CQDs were able to completely eradicate all the tested species: S. aureus,
E. coli, and C. albicans. Even after 10 washing cycles, microbial inhibitions were substantially
high. CQDs, specifically their lateral functional moieties, act by creating microbial oxidative
stress intracellularly under visible light and in an aqueous medium. Oxidative stress can
be defined as differences in the subcellular and tissue compartmentalization of ROS that
contribute to stress responses, provoking altered cellular activities, cell proliferation, extra-
cellular matrix synthesis, the production of matrix-degrading enzymes, and cell apoptosis.
ROS comprise singlet oxygen, singlet sulfur, singlet nitrogen, and hydroxyl free radicals. In
lethal doses, ROS directly guide nucleic acids to fragmentation; corrupt gene expression
and protein synthesis values; incite lipid peroxidation, gradual cell wall destruction, and
necrosis/apoptosis; and encourage microbial cell death [107,164]. Regardless, high toxicity
due to the use of heavy metals in production, complex processing methodologies, and poor
control over dot size have been related to this type of bioactive agent [165,166].

4.3.5. Graphene and Derivatives

Graphene is a thick layer of sp2-hybridized carbon atoms arranged in a honeycomb-
like crystal lattice [167]. Graphene has become one of the most studied carbon-based
materials in recent years due to its excellent mechanical characteristics, high electrical
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conductivity properties, high Joule-heating capacity, high UV shielding, rapid heat dissi-
pation, high hydrophobicity, high thermal stability, high antimicrobial activity, and high
biocompatibility. However, it is limited by low fabrication rates and a high cost, in addi-
tion to a strong aggregation tendency and hydrophobicity, which leads to insolubility in
aqueous media [104,168–170]. Consequently, graphene derivatives such as graphene oxide
(GO) and reduced GO (rGO) have been produced. GO can be synthesized from graphite
powder. It has several oxygen-containing functional groups, which turn it into a chemically
versatile material. However, in some cases, these oxygen-based functional groups reduce
its functionality. Thus, it is reduced using chemical, electrochemical, or thermal approaches,
creating rGO. rGO shows properties similar to pristine graphene and also relatively good
conductivity. It can be easily prepared in the desired amounts from cost-effective GO [151].
GO and rGO are able to form covalent or hydrogen bonds with textiles such as cotton or
silk via their carboxyl, hydroxyl, and epoxide groups. The addition of rGO to cotton or
silk, as shown by Bhattacharjee et al. [104], resulted in mild antibacterial activity, which
seemed to derive from the scissoring action of its sharp creases/edges and the generation
of oxidative stress in the pathogenic cells through electron transfer. rGO has been shown to
react with lipids, DNA, and amino acids via electrostatic and π−π stacking interactions.
The reaction between rGO’s oxygen and the cell wall polysaccharides of bacteria has also
been reported [104,168]. However, it remains difficult to precisely control the compositions
and sizes of graphene sheets, which heavily affects the performance of the derivatives [171].

Figure 3 illustrates the current trends in the use of different types of antimicrobial
agents within protective textiles, for military use or otherwise. It presents approximate
frequency counts of the use of these materials within the published literature of the last
5 years (database: Scopus). Inorganic NPs are the major contributors to these numbers, but
natural approaches fall shortly behind. Of the former, Ag-based strategies are the most
commonly explored. On the other hand, research using natural biocidal approaches is
highly unfocused, even though many studies explore plant extracts, CS and derivatives,
CS-based architectures, and plant-extract-loaded CS-based small-scale particles. However,
it becomes clear that the quest to find suitable bioactive agents has been narrowing over
the years, with bioactive agents such as ZnO or CuO NPs gaining more importance lately.
Besides, MOFs as well as carbon-based materials such as CQDs and graphene derivatives
emerged around 3 years ago for this type of application. In addition, natural approaches
have appeared, emphasizing the potential of CS, particularly if processed in the form of
small-scale particles carrying biomolecules such as plant-derived compounds.

Figure 3. Approximate frequency counts of the usage of different categories of antimicrobial agents
within protective textiles (intended for the military, first responders, or civilians) within published
literature of the last 5 years (database: Scopus).
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4.4. Textile Fabric Functionalization Methods

Textiles can carry microorganisms and also promote their survival, proliferation, and
endurance. When a fabric is used for clothing, an infestation may create infections and
constitute a biological threat. Antimicrobial functional finishes are therefore applied to tex-
tiles to protect the wearer and the fabric itself [172]. Various techniques exist to immobilize
bioactive agents onto textile fibers, each one carrying its specifications, advantages, and
limitations, with the fabric being previously treated and functionalized in order to improve
the impregnation of the selected bioactive agents, as well as their durability within the
textile. The dip-pad-cure method, the dip-and-dry method, the exhaustion method, the
spray-dry method, the spray-cure method, the pad-batch method, and sol-gel and sono-
chemical coatings are a few relevant examples of the impregnation methods of bioactive
agents [105,173]. However, coating and laminating procedures are increasingly important
techniques for adding value to textiles, including coating approaches such as the lick-roll
method; direct coating (knife on air, knife over table, knife over roller, knife over rubber
blanket); foam coating; foam and crushed-foam coating; transfer coating; kiss-roll coating;
rotary-screen printing; spray coating; calendar coating; hot-melt extrusion coating; and
rotogravure [174].

Starting with MOFs, recent antimicrobial stars, some interesting studies have been
performed. The work of Cheung and colleagues [128] stands out, as PET textiles had UiO-
66-NH2 MOFs grown in situ following chlorination with a hypochlorite bleach solution to
obtain regenerable N–chlorine MOFs coating the textile. The same occurred elsewhere [106],
but this time ZIF(Ni), ZIF-8(Zn), and ZIF-67(Co) were the MOFs synthesized into cotton
fabrics. A silicate modification acted as a crosslinker between cotton on one side and
ZIF-MOFs on the other, thereby increasing the number of MOFs adsorbed onto the fabrics.
The fabrics were scoured for dirt removal or even bleached for discoloration [106,128], and
sometimes functionalized to gain functional dopamine moieties [175] or the previously
mentioned silicate modification [106] to reinforce binding with the bioactive agents through
covalent bridges.

The same trend has been observed with inorganic NPs, with most of the NPs be-
ing grown in situ following textile incubation with metallic precursors. Despite their
well-known handicaps, Ag NPs continue to be the most studied inorganic NPs in pro-
tective textiles, although often in combination with other microbicidal enhancers. Textile
functionalization with the bioactive agents occurs mostly via the in situ formation of
NPs [95,104,105,176,177]. As an example, El-Naggar and colleagues [105] showed that
bleached and mercerized (an alkaline treatment to improve affinity towards subsequent
chemical modifications) cotton fabric was rendered more hydrophilic through plasma
treatment, then washed with a nonionic detergent to remove impurities and silanized to
encourage metal–ligand binding with the Ag NPs. Silanization treatment forms silane
groups that act as fiber–NP coupling agents, creating a siloxane bridge between the two
components [178]. Finally, the treated fabric was immersed in a solution carrying metallic
precursors, sonicated, padded, squeezed, and cured for thermal reduction to form Ag NPs.
Görgülüer et al. [146] washed rayon fabric in an acetic acid solution and in a wet surfactant
so that any chemical finishing, such as silicon, and softening on the fabric could be effi-
ciently removed. Afterwards, the fabric was immersed in TiO2 NPs; poly(dimethylsiloxane)
(PDMS) to functionalize the later NPs with hydrophobic moieties; AgNO3 and NaBH4 as
metallic precursor and reducing agent, respectively; and finally, tetrahydrofuran (THF)
to assist in the production of compact and spherical Ag NPs. Samples were ready for
characterization following a drying step. While using ZnO NPs to guarantee bacterial cell
death in desized and bleached cotton fabrics, Noorian et al. [138] also washed the fabric
in nonionic detergent, before performing oxidization by periodate and treatment with
4-aminobenzoic acid ligands (PABA). NPs were similarly built in situ after the immersion
of the fabric in a ZnO precursor, ultrasonication, and chemical reduction.

The integration of CQDs into cotton fabric that had been scoured, bleached, and
cationized with 3–chloro–2–hydroxypropyl trimethyl ammonium chloride (C6H15Cl2NO),
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was indeed very simple [107]; it was achieved by dissolving previously prepared CQDs,
impregnating the fabric with them while stirring, and drying. The addition of an rGO
coating through a dip-dry process onto fabrics composed of cotton or silk [104] that had
been previously washed with acetone and hot water and functionalized with a silane
derivative allowed increased quantities of Ag and Cu NPs to be added subsequent to the
composition, particularly with cotton, which is richer in hydroxyl groups than silk.

Botelho and team [95] washed PA taffeta and submitted it to plasma treatment. CS
was then added through the dip-dry method, followed by the already prepared Ag NPs.
Dip-pad-dry was the immobilization technique also selected by Verma et al. [120] to
integrate dissolved CS, along with citric acid (C6H8O7) to act as a linker to the enzymatically
desized and scoured cotton fabric, with sodium hypophosphite (NaPO2H2) as the catalyst;
this worked as a mordant to enhance the dyeability of the cotton. Samples were then
padded, dried, and cured. A final step included a dyeing process with onion-skin dye.
Some studies have additionally integrated plant-derived molecules into/onto CS-based
small-scale particles [96,131,179]. Singh et al. [179] used the emulsification of gelatin and
rosemary EO followed by ionic gelation between gelatin and CS to encapsulate the EO
and produce a stable shell. Linen fabric was dipped in a microcapsule (MC) dispersion
and low-temperature curable acrylic binder, padded, and dried. Verma and colleagues [96]
encapsulated cinnamon EO within CS MCs produced by simple complexation with Tween
20. Dense taffeta cotton fabrics, which had been desized, bleached, and mercerized, were
dipped into an MC dispersion and a binding agent (dimethyloldihydroxyethylene urea,
DMDHEU), padded, dried, and cured; they were then autoclaved and stored. In another
study, Wang and colleagues [159] explored HOFs that carried building units incorporating
CH3-, F-, or NH2-groups on the ortho-position of the phenyl ring of the benzoic acid and
were produced via a sol-gel method. These were spray-coated onto woven and knitted
cotton fabric, as well as commercial chirurgical disposable face masks; dried; washed in
acetone to remove unbound agent and solvent; and then dried again.

As mentioned above, multiple bioactive agents have been tested with textiles, alone
or combined in order to obtain synergistic effects in the fight against pathogens. Many
authors are also aware of the need to obtain durable bioactive effects, namely by retaining
the bioactive compounds attached to fibers [128,146,159]. It is, however, noticeable that the
past two years, during the COVID-19 pandemic situation, have been key for attempts to
control the washing durability of finished fabrics, thereby responding to a major concern of
the textile finishing industry [96]. Some authors have even followed standardized protocols
to assess such features (the KS K ISO 6330 [104], IS: 3361-979 [120], AATCC-61 [180], or
AATCC 2010 [107] standards), thus proving that the required bioactivity is present even
after laundering activity. Table 1 summarizes the main, and representative, antimicrobial
protective textiles designed for military purposes or for general use.
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5. Conclusions

The SARS-CoV-2 pandemic, which has generated a global health and economic crisis,
has shown us that we need to be better prepared for the next global threat, which may be
caused by pollutants, chemical toxins, or biohazards [94,182]. The urgency of obtaining ef-
fective solutions to degrade BWAs such as anthrax [7,8] has been increasing in response to a
recent risk increment associated with the possible use of biological weapons. Consequently,
it is essential to develop personally protective systems that can actively protect their user,
ideally without compromising his/her comfort, which is highly pertinent, for instance,
while working in war zones for long periods of time [1,183]. Active protection is preferred
when compared to passive protection, since it allows the total degradation of hazards and
does not require a post-decontamination process [1]. We need to develop protective textiles
in which infectious pathogens cannot survive, proliferate, and persevere so easily [94]. The
damage inflicted by these harmful agents can be avoided by taking appropriate preventive
measures [184]. The development of active fibrous structures with MOFs, inorganic agents
(e.g., ZnO NPs), carbon-based materials (such as CQDs and graphene or its derivatives),
and/or organic players such as chitosan (CS)-based layers or small-scale particles (loaded
or not with plant-derived compounds) as bioactive agents is paving the way in the manu-
facture of protective textiles such as army suits, general protective clothing, or face masks
that can efficiently counteract the survival of these pathogens. The decision as to the best
bioactive agents strongly depends on the specific application and requirements, but the
advantage of inorganic NPs seems clear. The research studies presented and interlinked
here reinforce that ZnO NPs are one of the most promising materials for the development
of high-performance textile products and should therefore be intensively investigated in
the future, as is also argued elsewhere [185]. Strategies should be applied to counteract
their current limitations. Bioactive features should be thoroughly examined and controlled
via standardized protocols.

The addition of such elements into selectively permeable barrier textiles would fill a
gap that currently exists, for instance, in charcoal-based protective suits that are designed
to solely confer passive protection, and it would likely not add significant extra weight to
the composition [1,115,186,187]. Aspects such as fabric composition and construction and
clothing assembly should be paid more attention to, as they can substantially contribute
to the required barrier effect and comfort. Moreover, charcoal-based protective suits and
similar items, such as the majority of face masks that are currently employed, are limited
to a single use. Hence, contemporary challenges include the development of circular
and multifunctional protective textiles with durable effects, regenerable bioactive agents,
and recyclable/degradable materials [188,189]. The use of natural compounds can be
a great strategy and an excellent alternative to the use of synthetic ones, due to their
high abundance in nature, low cost, and biodegradability. The use of simple and greener
methods is also preferred [1]. Overall, this area is presently a hot topic in both the scientific
and industrial communities, being an object of intense research, yet it is unfortunately still
highly dispersed. It thus seems to be imperative to apply all the efforts to successfully
innovate and create scientific and technological breakthroughs, while rigorously defining
all the requirements for a fully functional protective textile, performing all the needed
standardized protocols to adequately evaluate each hypothesis, and allowing the results to
speak for themselves regarding the definition of the best elements and/or combinations
to use, so that substantial improvements in the field of antimicrobial protective textiles
(namely against BWAs) can be achieved. On the verge of contact with dangerous pathogens,
we seek products that actually work, making this entire pursuit worthwhile.
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Abstract: Insoles provide resistance to ground reaction forces and comfort during walking. In this
study, a novel weft-knitted spacer fabric structure with inlays for insoles is proposed which not only
absorbs shock and resists pressure, but also allows heat dissipation for enhanced thermal comfort.
The results show that the inlay density and spacer yarn increase compression resistance and reduce
impact forces. The increased spacer yarn density provides better air permeability but reduces thermal
resistance, while a lower inlay density with a random orientation reduces the evaporative resistance.
The proposed structure has significantly positive implications for insole applications.

Keywords: compression; thermal comfort; weft-knitted spacer fabric; inlay knitting; cushioning
insole; silicone inlay

1. Introduction

Insoles act as an important cushioning feature at the interface between the foot and
footwear to manipulate the distribution of plantar pressure for foot protection and wear
comfort. However, inappropriate insole designs and materials can lead to excessive mois-
ture, heat and localized pressure points on the foot, which could then result in ulceration,
arthritis or tendon dysfunctions. The growth of microorganisms in the enclosed envi-
ronment of the inner shoe can also cause athlete’s foot or undesirable odours [1]. The
literature on footwear research has mainly focused on the structural design and fabrication
materials of insoles to relieve plantar pressure, and thus reduce the risk of ulceration [2,3],
falls [4,5], and growth of microbes [1] as well as ensure the sustainability of the insole [6].
Recently, spacer fabrics have been used as an alternative cushioning material because this
material offers a wide range of good properties, and has good compression behaviour, high
density and adequate thickness for different applications, including insoles [7], helmet
liners [8], wound dressings [9], sports bras [10], etc. The structure of spacer fabric is like
a sandwich, with two separate layers of fabric on the outside and a connective layer be-
tween them [11]. In weft knitted spacer fabric, the connective layer is developed by using
spacer filaments to form tuck stitches by using the front and back needle beds to create
support for the two surface layers of fabric [12]. This sandwich structure provides spacer
fabric with excellent air and moisture permeabilities, cushioning performance and pressure
distribution [8,10,13–15].

Previous studies have found that the compression properties are significantly affected
by the spacer yarns in the connective layer. The spacer fabric is stiffer in compression when
the spacer filaments stand perpendicular to the layer of surface fabric [14]. On the other
hand, spacer fabric has better compression resistance and energy absorption when there is a
smaller span distance between the spacer yarns, coarser monofilaments, and higher spacer
yarn density [15]. Hamedi et al. developed weft knitted spacer fabric to construct insole
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materials for diabetic patients by using a shape memory alloy, nickel-titanium, as the spacer
fabric monofilaments [16]. However, spacer fabrics deform easily under high compression
stress due to body weight and lose their cushioning properties after prolonged use. Also,
the use of metal wire in knitting requires special equipment and is time consuming. Yu
et al. proposed the use of inlays to reinforce the spacer fabric structure and found that
the Young’s modulus of the inlaid silicone tubes is correlated with fabric compression [17].
Inlay knitting enables materials such as foam rods that usually cannot be knitted as part of
the loops of the ground structure to be securely incorporated into the knitted fabric [18]. Its
application can then be more widely used in the structural design of compression garments,
buoyant swimwear, and sporting goods [19,20].

As for footwear and insole applications, increases in foot temperature incurred by
the insoles during daily activities may result in a high level of foot discomfort from heat
and perspiration. By taking the prolonged use and hygiene of insoles into consideration,
the temperature and humidity transfer performance of insole fabrication material is re-
garded as the most important considerations for footwear comfort [21]. Transmission
of moisture facilitates liquid to be evaporated through fabric to the environment which
results in a cooling sensation for the wearer [22,23] and prevents a damp feeling which
leads to discomfort. Nevertheless, few studies have focused on the thermal comfort of
spacer fabric with inlays. While a preliminary study has shown that inlaid spacer fabric
has superior air permeability [24], the impacts of the inlay density and orientation in the
spacer fabric structure on the mechanical and thermal comfort properties have been largely
absent from discussion. A more in-depth understanding of the effects of the inlay structure
of spacer fabric and knitting parameters on mechanical and thermal behaviours is therefore
paramount. The fabric structural parameters that affect the compression behaviour, impact
force reduction, and thermal and evaporative resistance are systematically analysed. The
findings of this study can greatly contribute to foot protection and orthotic treatment by
providing insights into suitable insole materials.

2. Materials and Methods
2.1. Preparation of Inlaid Foam

Silicone foam rods with a diameter of 2.25 mm were used as the inlay as they are
flexible enough to be laid into the fabric during the knitting process. Prior to knitting,
the inlaid material was wrapped by using a knitted net to reduce the surface friction during
insertion. The net was knitted by using a multifunction twisting machine for fancy yarn
(SFM32-04, Kunshan Shun Feng Textile Co., LTD., Kunshan, China) with 4 needles. The
yarn used was 2 ends of DRYARN® 140D 100% polypropylene yarn (Aquafil S.P.A., Via
Linfano, Arco, Italy). The foam rods were then manually inserted into the knitted net. A
microscopic view of the knitted nets and inserted silicone foam rods is provided in Figure 1.

Figure 1. Microscopic view of (a) cross section of silicone foam rod, and (b) side view of foam rod
wrapped by the net.

2.2. Inlaid Spacer Fabric Samples

Ten spacer fabric samples with different inlay densities, inlay orientation and spacer
yarn density were fabricated, and two knitted fabrics without inlays were used as the
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control. All of the fabric samples were knitted on a 14-gauge V-bed flat knitting machine
(SVR123SP, SHIMA SEIKI, Wakayama, Japan) equipped with yarn feeder tips (4.5D) which
are suitable for inserting materials with a diameter below 4 mm. Two ends of the 1/27NM
63% cupro 37% polyester and one end of 107D high power lycra were used as the yarn for
the surface layer in a single jersey structure. The connective layer was constructed by using
one end of 100% 220D polyester monofilament. All the samples were prepared by using
the same knitting tension and parameters. Two of the same samples were made for each
knitting condition. The design of experiment and details of the sample specifications are
provided in Tables 1 and 2. A random inlay orientation means that the inlaid foam rods are
randomly placed in all directions, while localized orientation means a continuous inlay as
shown in Figure 2. The knitting notations of the fabric are provided in Table 3.

Table 1. Design of experiment.

Factor Level

Inlay density (ratio of spacer and inlay structure) 4:1 3:2 1:1 2:3
Inlay Orientation Random Localized
Number of spacer yarn per spacer structure 1 course 2 courses

Table 2. Sample specifications of inlaid spacer fabrics.

pslp Knitted
Structure

Inlay Density
(Course per cm)

Orientation
of Inlay

Spacer Yarn Density
(Course per cm)

AS1 A 1.20 Random 5
AS2 B 1.20 Random 10
BC1 C 2.00 Localized 5
BC2 D 2.00 Localized 10
BS1 E 2.00 Random 5
BS2 F 2.00 Random 10
CS1 G 2.30 Random 4
CS2 H 2.30 Random 8
DC2 I 2.50 Localized 10
DS2 J 2.50 Random 10
C1 C1 Nil Nil 13
C2 C2 Nil Nil 26

Figure 2. Microscopic view of spacer fabric with (a) random inlays and (b) inlays with localized
orientation.
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2.3. Evaluation of Mechanical and Thermal Behaviours of Fabric

With reference to the key requirements and end-uses of insoles including cushioning
purposes, resistance to body weight and wear comfort during walking, tests on the physical,
compression and thermal comfort properties of the samples were conducted (Table 4). The
fabric samples were conditioned for 24 h at a temperature of 20 ± 1 ◦C and relative humidity
of 65 ± 5% before the testing took place. Depending on the sample size, the tests were
repeated 4 to 6 times on different areas of the samples, and their mean value was calculated
and used.

Table 4. Summary of test methods.

Property Device Testing Standard

Thickness
Dial thickness gauge (Model H,
Peacock OZAKI MFG. Co., Ltd,

Tokyo, Japan)

ASTM D1777 Standard Test
Method for Thickness of

Textile Materials

Hardness
Durometer (GS-744G, Type:

FO, TECLOCK Co., Ltd.,
Nagano, Japan)

ASTM D2240-05: 2010 Standard
Test Method for Rubber

Property—Durometer Hardness

Surface unevenness 3D-optical microscope (VR-3000,
KEYENCE, Osaka, Japan)

ISO4287:1997 Surface
unevenness-Definitions

Air permeability

Air permeability tester (SDL
M021S, SDL International
Textile Testing Solutions,

Rock Hill, SC, USA)

ASTM-D737 Standard Test
Method for Air Permeability

of Textile Fabrics

Compression Compression tester (Instron 4411,
Instron, Norwood, MA, USA)

ASTM D575 Standard Test
Methods for Rubber Properties

in Compression

Thermal and
evaporative resistance

Sweating guarded hot plate
(YG(B)606G, Wenzhou, China)

ASTM F1868-17 Standard Test
Method for thermal and
evaporative resistance of

clothing materials

2.3.1. Physical Properties

The fabric thickness was measured under a pressure of 4 gf/cm2 with an accuracy
of 0.01 mm. A 3D-optical microscope was used to examine the variations in the surface
unevenness of the samples. The air permeability test was carried out under a water pressure
difference of 125 Pa.

2.3.2. Compression and Impact Force Reduction

Each fabric sample was tested by using a compression tester with a flat circular
indenter that is 150 mm in diameter. The compression test was conducted at a rate of
12 mm/min and the samples were compressed up to 80% of their initial thickness. As
shown in Figure 3, the compression process of the spacer fabrics can be divided into three
stages including the linear elasticity (Stage I), plateau (Stage II), and densification (Stage III)
stages [12,25]. In Stage I, the presence of a smaller slope is observed as the compressed
monofilaments start to buckle and shear constantly at a larger scale. When the fabrics
are further compressed in Stage II, a nearly constant stress can be observed. This shows
the collapse of the spacer fabric structure and inlaid material as the compression strain of
the fabric is largely increased under a small increase in stress. In Stage III, the structure
completely collapses in which the monofilaments and the inlays come into contact with
each other and the outer layers. The sample becomes stiff and rigid so the slope of the
curve becomes steep again. A higher maximum compression stress means that the fabric
can withstand a higher compression force. The strain is calculated as the distance of the
compression by the indenter divided by the original thickness of the specimen. A steeper
curve in Stage I represents stiffer mechanical behaviour of the fabric with a higher Young’s
modulus.
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Figure 3. Plotted compression stress-strain of spacer fabric.

When measuring the impact force reduction, two specimens of each sample were
stacked on top of each other with dimensions of 100 mm × 100 mm before the testing was
carried out. A ball bearing was released and dropped onto the sample through a straight
tube at a height of 400 mm. The highest impact force was measured by using a load cell
placed at the bottom of the instrument. The impact force reduction capacity of the sample
is defined as a percentage of the maximum impact force with the sample and the ground
surface [26]:

FRx =

(
1 −

(
Fx

Fo

))
× 100%, (1)

where FRx is the impact force reduction of the sample (%), Fx is the peak force measured
for the sample (N), and Fo is the peak force measured for the ground surface.

2.3.3. Thermal and Evaporative Resistance

The thermal and evaporative resistance tests were conducted in an air temperature
of 25 ◦C at a relative humidity of 65% with air flowing over the hot plate and air velocity
of 1 m/s. The test began when the backside of the fabric was placed onto the hot plate to
simulate contact with human skin. All wrinkles were eliminated from the fabric to prevent
air bubbles from forming between the fabric sample and the hot plate. The average intrinsic
thermal resistance of the fabric is calculated by using:

Rcf = ((Tplate − Tair) A/Hc) − Rb, (2)

where Rcf is the intrinsic resistance to dry heat transfer provided by the fabric system
(m2·K/W), Tplate is the surface temperature of the hot plate (◦C), Tair is the air temperature
(◦C), A is the area of the tested section on the hot plate (m2), Hc is the power input (W),
and Rb is the thermal resistance of the still air where no fabric was placed onto the plate
(m2·K/W).

For the evaporative resistance test, the sweat pores of the hot plate emitted water to
the surface of the plate and a liquid barrier was used to cover the plate to prevent wetting
of the fabric specimens. The liquid barrier was adhered closely to the hot plate and guard
section with no wrinkles or air bubbles present. Then, a fabric sample was placed on the
hot plate. The average intrinsic evaporative resistance of the fabric sample is calculated
as follows:

Ref = ((Pplate − Pair) A/He) − Re, (3)

where Ref is the intrinsic resistance to evaporative heat transfer provided by the fabric
system (m2·K/W), Pplate is the water vapor pressure at the plate surface (kPa), Pair is the
water vapor pressure in the air (kPa), A is the area of the section in which the testing was
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carried out on the hot plate (m2), He is the power input (W), and Re is the evaporative
resistance value measured for the air layer and liquid barrier with no fabric placed onto the
hot plate (m2·K/W).

2.3.4. Statistical Analysis

The experimental data were analysed by using SPSS 23 (IBM Corp., Armonk, NY, USA).
A multivariate analysis of variance (MANOVA) was used to examine the mean differences
among the three different independent variables: (1) inlay density, (2) orientation of inlays
and (3) spacer yarn density on five dependent variables (maximum compressive stress,
impact force reduction, air permeability, and thermal and evaporative resistance). Prior to
the analysis, the values were evaluated to ensure that the assumptions for the multivariate
tests are valid. Measures of skewness and kurtosis, histograms and normal Q-Q plots were
used for the dependent and independent variables. Observation of these measures and
plots showed a normal distribution at the different levels of these variables. The significance
level of the statistical analysis was set at 0.05.

3. Results and Discussion
3.1. Air Permeability

This study found that over 99 percent of the variance in air permeability is accounted
for by the spacer yarn density (η2 = 0.996) and inlay density (η2 = 0.991) but no significant
difference is found with the orientation of the inlays (p > 0.05). It is interesting that the
fabrics with a higher spacer yarn density (AS2, BC2, BS2, CS2 and C2) have a relatively
higher air permeability than those with less spacer yarn (AS1, BC1, BS1, CS1 and C1).
Additional pulling forces are applied to the surface layer when the spacer yarn density
of fabric is increased. The knitted loops of the surface layer are then extended so that the
restriction of air flow through the fabric is reduced. This is confirmed by the lower stitch
density and fabric weight of the spacer fabrics with a higher spacer yarn density (AS2,
BS2, CS2 and C2) (Table 5). When comparing the various inlay densities (AS2, BS2, CS2
and DS2), the samples with higher inlay density exhibit relatively lower air permeability
(Figure 4). The reason is that the inlaid foam rods block the circulation of trapped air
between the two surface layers.

Table 5. Physical properties of the inlaid spacer fabrics.

Sample
Code

Weight (g/m2) Thickness (mm) Stitch Density (loop/cm2) Hardness (Shore A)

Mean SD Mean SD Mean SD Mean SD

AS1 1483.32 6.12 4.30 0.03 93.33 4.04 83.17 1.33
AS2 1417.25 0.46 4.31 0.03 91.00 0.00 86.17 1.72
BC1 1649.50 18.62 4.34 0.03 93.33 4.04 86.17 0.93
BC2 1683.28 15.94 4.39 0.05 91.00 0.00 86.50 1.22
BS1 1669.15 6.38 4.40 0.04 91.00 0.00 87.33 0.82
BS2 1620.13 21.14 4.39 0.05 86.50 3.91 87.67 0.82
CS1 1759.97 17.31 4.35 0.04 88.83 3.75 88.67 1.21
CS2 1689.88 17.47 4.39 0.03 86.33 4.04 88.83 0.41
DC2 1866.20 7.60 4.34 0.05 82.33 3.75 88.92 0.92
DS2 1861.70 22.59 4.33 0.04 82.33 3.75 89.00 0.84
C1 1094.38 5.65 3.51 0.05 108.00 4.00 88.67 1.37
C2 1068.20 16.54 3.75 0.14 106.67 4.62 89.00 0.63
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Figure 4. Air permeability of the inlaid spacer fabric and controls.

3.2. Compression Behaviour

The results of the factorial MANOVA show an overall significant difference be-
tween the maximum compressive stress, various inlay densities (F = 486.97, p < 0.001,
and η2 = 0.993), spacer yarn density (F = 335.18, p < 0.001, and η2 = 0.971) and orientation
of the inlays (F = 65.14, p < 0.001, and η2 = 0.867). The inlay and spacer yarn densities
account for over 97 percent of the variance in the maximum compressive stress while the
orientation of the inlays has the least impact and accounts for only 87% of the variance.
As shown in Figure 5, all of the spacer fabric samples with inlay have a higher maximum
compressive stress versus the fabric samples without inlay (C1 and C2). This is agreement
with the findings in Yu et al. [12], in that inlays largely strengthen spacer fabric to withstand
the compressive stress.

Figure 5. Maximum compressive stress of inlaid spacer fabrics and controls.

3.2.1. Effect of Inlay Density

A higher maximum compressive stress can be observed when the inlay density in-
creases from 1.2 course/cm (AS2) to 2.5 course/cm (DS2); see Figure 6a. Meanwhile,
the Young’s modulus of the fabric generally increases with inlay density (Figure 7). This
means that the spacer fabric with more inlays has stiffer mechanical behaviour and higher
compression resistance. The stress-strain curve in Figure 6 shows that the area under the
curve is the energy absorbed by the fabric. In Stage III, the area under the curve of DS2 is
more than twice that of C2, the fabric sample without inlay (Figure 6a). This shows that the
inlaid foam rods absorb a greater amount of energy when they deform and increase the
strength of the spacer fabric to resist compression stress.
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Figure 6. Compression stress-strain curves of the inlaid spacer fabrics with different inlay densities:
(a) at 80% strain and (b) at 50% strain.

Figure 7. Young’s modulus of the inlaid spacer fabric and controls.

It is interesting that Stage II appears at a similar compression stress of around 3.81 kPa
and a similar range of compression strain (around 10.45%) is obtained when the inlay
density is increased; see Figure 6b. However, Stage II appears at a lower level of strain for
fabric with more inlays (1.36 mm in DS2, and 1.86 mm in AS2). In Stage II, the wider range
of compression strain and higher stress mean that the material has a better cushioning
effect by absorbing more energy before reaching Stage III. Stage II which appears at a lower
level of strain means less distortion of the fabric occurs under the same compression stress.
Although the fabric samples with various inlay densities absorb a similar amount of energy
in Stage II under a low stress level, fabric with the highest inlay density (DS2) has less
deformation under the same stress. This may be due to the surface unevenness of the fabric.

Rc, Rt and Ra have a small value which indicates that the surface layer is uneven. As
shown in Figure 8, the fabric unevenness can be reduced by increasing the inlay density.
The surface of DS2 is relatively flat with a lower Rc, Rt and Ra while AS2 is comparatively
more wavy (Figure 9). The compressive forces can be evenly distributed throughout the
entire surface of DS2 which increases the compression resistance but this is only true for
the convex areas of AS2. Therefore, the linear relationship between surface unevenness and
maximum compressive stress can be found in Figure 10. The reduced surface unevenness
(Rc, Rt and Ra) of the fabric sample results in an increased maximum compressive stress.
Therefore, the spacer fabric with more inlays can withstand higher compressive forces due
to the even distribution of the force on the flat surface and the increased fabric stiffness.
The materials used for insoles should be less susceptible to deformation under the same
stress to enhance standing and walking stability to the same degree as a hard insole.
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Figure 8. Surface unevenness Rc, Rt and Ra of the inlaid spacer fabrics and controls.

Figure 9. Microscopic view and surface thickness variations of inlaid spacer fabrics (a) AS2 and
(b) DS2 along the wale direction.

3.2.2. Effect of Spacer Yarn Density

As shown in Figures 7 and 11, the spacer fabric samples with a higher spacer yarn
density (BS2, CS2 and C2) have a higher maximum compression stress and higher Young’s
modulus than the samples with a lower spacer yarn density (BS1, CS1 and C1) respectively.
This shows that the additional spacer yarns in the connective layer provide extra support
to the spacer fabric structure, as more stress is needed to compress the fabric and the extra
spacer yarns also increase the stiffness of the fabric. However, the curves of BS2 and CS1 are
similar (Figure 11a), which means that the fabric sample with 2 inlay courses and 10 spacer
yarn courses per cm (BS2) has similar compression properties as the fabric sample with
2.3 inlay courses and 4 spacer yarn courses per cm (CS1).
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Figure 10. Linear relationship between maximum compressive stress and surface unevenness: (a) Rc,
(b) Rt and (c) Ra.

Figure 11. Compression stress-strain curves of inlaid spacer fabrics with different spacer yarn
densities: (a) at 80% strain and (b) at 60% strain.

Similar to the effect of the inlay density, Stage II of the fabric samples with various
spacer yarn and inlay densities (BS1, BS2, CS1, CS2, C1 and C2) appears at a similar
compression stress (around 4 kPa) with similar range of strain (around 11.11%) (Figure 11b).
However, Stage II of the inlaid spacer fabric appears at a compression strain of 27% which
is smaller than the control fabrics (42.26%). Although the inlaid spacer fabric absorbs
a similar amount of energy under a low stress condition, the deformation of the spacer
fabric structure with inlays is 15.26% less than that of the fabric without inlays under a
compression stress of 4 kPa.
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3.2.3. Effect of Inlay Orientation

As shown in Figures 7 and 12, the curve of BS1 indicates a higher maximum compres-
sive stress and Young’s modulus as opposed to BC1. However, BC2 and BS2 have similar
compression properties as they have a similar curve. This means that the compression prop-
erties are correlated with both inlay orientation and spacer yarn density which validates
the results of the MANOVA. The fabric sample with inlays in a random arrangement with
a lower spacer yarn density (BS1) is more rigid and has a higher compression resistance
in comparison to the inlay in a localized arrangement (BC1). As for the fabric samples
with a higher spacer yarn density (BC2 and BS2), the effect of the inlay orientation on the
compression properties becomes less significant.

Figure 12. Compression stress-strain curves of inlaid spacer fabrics with different orientation of
the inlays.

3.3. Impact Force Reduction

Fabric that can sustain a higher impact force is a more suitable material for insoles
which would reduce the plantar pressure of the foot. As shown in Figure 13, all of the
inlaid spacer fabrics have a higher force reduction than the spacer fabrics without inlays
(C1 and C2). This shows that the inlaid rods enhance the ability of the fabric to reduce the
impact forces. Among the inlaid spacer fabric samples, the sample with the higher inlay
density can generally reduce higher impact forces. The fabric samples with a higher spacer
yarn density (AS2, BS2, CS2 and C2) show a higher reduction of impact forces than those
with less spacer yarn (AS1, BS1, CS1 and C1). The ability to reduce higher impact forces
is a function of the higher inlay and spacer yarn densities. These results are confirmed
by a MANOVA analysis, and significant differences are observed only between the inlay
density (F = 10.89, p < 0.005, and η2 = 0.766) and spacer yarn density (F = 5.32, p < 0.05, and
η2 = 0.347) on the impact force reduction. Around 77% of the variance in force reduction is
accounted by the inlay density while the spacer yarn density only accounts for 35% of the
variance. This implies that the inlay density is the main factor in reducing the impact forces.

3.4. Thermal Comfort Properties

Unlike the knitted flat fabrics [27], the results of the Pearson’s correlations indicated
that the surface unevenness—Rc, Rt, and Ra, has no significant correlation with thermal
and evaporative resistance (p > 0.05).

3.4.1. Evaporative Resistance

Unlike air permeability, the evaporative resistance of the fabric samples depends on the
inlay density (F = 32.32, p < 0.001, and η2 = 0.907) and orientation of the inlays (F = 14.98,
p < 0.005, and η2 = 0.600) but not the spacer yarn density (p > 0.05). When comparing
AS1, BS1 and CS1, the evaporative resistance of the inlaid spacer fabric samples increases
with inlay density (Figure 14). The fabric samples with inlays in a random arrangement
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(BS1, BS2, and DS2) have lower evaporative resistance than those with a continuous inlay
arrangement of the foam rods (BC1, BC2, and DC2). This is likely because the inlaid
material arranged in a localized area provides extra resistance to inhibit the moisture from
infiltrating the top surface layer to the bottom surface layer. In insole applications, it is
recommended that the foam rods are inlaid in a random arrangement to allow optimal
moisture evaporation and reduce the likelihood of ulceration and discomfort from humidity
inside the shoes.

Figure 13. Percentage of impact force reduction of inlaid spacer fabrics and controls.

Figure 14. Evaporative resistance of the inlaid spacer fabrics and controls.

3.4.2. Thermal Resistance

The thermal properties of insole material should accommodate the environment of the
end use of the insole. In cold environments, insole material with higher thermal resistance
should be used to keep the wearer warm. As with air permeability, the thermal resistance
of the spacer fabric samples is significantly affected by the inlay density (F = 6.27, p < 0.05,
and η2 = 0.653) and spacer yarn density (F = 14.286, p < 0.005, and η2 = 0.588) only; however,
they account for less than 66% of the variance. When comparing the fabric samples with a
low spacer yarn density (AS1, BS1 and CS1) (Figure 15), the fabric sample with a higher
inlay density exhibits a higher thermal resistance as the inlaid foam rods prevent air from
passing through the fabric. However, for the fabric samples with a high spacer yarn density,
the thermal resistance generally decreases with increased inlay density (AS2, BS2 and CS2).
This is due to the reduced stitch density of the surface layers resultant of additional spacer
courses. In agreement with the findings of Muthu Kumar et al. (2020), ease of passage of air
is facilitated with lower stitch density which leads to lower thermal resistance [8]. Along
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the same line of reasoning, the fabric samples with a higher spacer yarn density (BC2, BS2
and CS2) have lower thermal resistance in comparison to BC1, BS1 and CS1.

Figure 15. Thermal resistance of the inlaid spacer fabric samples and controls.

4. Conclusions

Traditional insoles are primarily designed and made of a plurality of materials with
various stiffnesses, compression resistances and thermal comfort properties that correspond
to the 3D shape and localised pressure at different regions of the plantar of the foot. The
process of constructing such insoles is highly complex and time-consuming. A novel knitted
spacer fabric structure with inlays is proposed in this study which can greatly simplify the
insole fabrication process with a one-off knitting approach. A thorough understanding of
the structural parameters that affect the functional performance and suitability of the fabric
during practical use could have clinical significance for advancing the design process of
insoles with better foot protection and wear comfort. In this study, CS2 is the optimal inlaid
spacer fabric for insoles application. It can withstand high compressive stress, reduce high
impact forces, air permeable and allow optimal heat and moisture evaporation. The effect
of the inlay density, orientation of the inlays and spacer yarn density on the mechanical
and thermal behaviours of the fabric has been systematically investigated. The following
conclusions are drawn based on the experimental results.

• The high spacer yarn density of inlaid spacer fabric offers good air permeability. The
size of the knitted loops on the surface layer are extended by the additional spacer
yarn that allow air to flow through the material. Therefore, spacer fabric with a
higher spacer yarn density has higher air permeability, and lower stitch density and
fabric weight;

• For the mechanical properties, the compression resistance of the inlaid spacer fabric
is largely increased by an increased number of inlays and spacer yarns while the ab-
sorbed compression energy in Stage II remains unchanged. The increased compression
resistance is associated with the even distribution of forces exerted onto the flat surface
of the fabric and the increased fabric stiffness. The effect of the inlay orientation on
the compressive stress is less significant in this study. The fabric samples made with
inlaid yarns embedded in a random orientation are stiffer than those with inlaid yarns
embedded in a localized orientation;

• Meanwhile, spacer fabrics with higher inlay density and more spacer yarns can reduce
higher impact forces. The inlay density is the key factor as the inlay foam rods can
effectively reduce and absorb the impact forces for cushioning;

• The evaporative resistance performance of the inlay spacer fabrics is increased with
inlay density and embedded in a localized orientation. On the other hand, the fabric
thermal resistance is decreased with the higher inlay density for fabric with a high
spacer yarn density. Samples with more spacer yarn have a lower stitch density in
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the surface layers which facilitates air passage, thus leading to low thermal resistance.
Therefore, samples with more spacer yarns while embedded in a random orientation
allow optimal moisture evaporation and reduce thermal discomfort of humidity to
the wearers.
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Abstract: A textile material’s electromagnetic interference (EMI) shielding effectiveness mainly
depends on the material’s electrical conductivity and porosity. Enhancing the conductivity of the
material surface can effectively improve the electromagnetic shielding effectiveness. However,
the use of highly conductive materials increases production cost, and limits the enhancement of
electromagnetic shielding effectiveness. This work aims to improve the EMI shielding effectiveness
(EMSE) by using an ultrathin multilayer structure and the air-permeable textile MEFTEX. MEFTEX is
a copper-coated non-woven ultrathin fabric. The single-layer MEFTEX SE test results show that the
higher its mass per unit area (MEFTEX 30), the better its SE property between 56.14 dB and 62.53 dB
in the frequency band 30 MHz–1.5 GHz. Through comparative testing of three groups samples, a
higher electromagnetic shielding effect is obtained via multilayer structures due to the increase in
thickness and decrease of volume electrical resistivity. Compared to a single layer, the EMI shielding
effectiveness of five layers of MEFTEX increases by 44.27–83.8%. Due to its ultrathin and porous
structure, and considering the balance from porosity and SE, MEFTEX 10 with three to four layers
can still maintain air permeability from 2942 L/m2/s–3658 L/m2/s.

Keywords: electromagnetic shielding effectiveness; multilayer structure; porosity; air permeability

1. Introduction

The influence of electromagnetic waves on human health is contentious, but to date,
scientific consensus has been that excessive electromagnetic radiation impacts human
health [1,2]. In addition, radiation due to electromagnetic effects causes unnecessary elec-
tromagnetic interference [3]. The electric field in radiation can interact with the electrons
in the metal conductors, and this interference can cause some sensitive electronics to
malfunction [4]. To prevent the extra electromagnetic wave, due to the electrostatic equipo-
tentiality of metals, electromagnetic interference (EMI) shielding material can effectively
shield external electric fields from electromagnetic interference. The setup of EMI shielding
protective clothing should comply with the minimum health and safety requirements
regarding the exposure of workers to the risks arising from physical agents (18th individual
directive within the meaning of Article 16(1) of Directive 89/391/EEC), which require the
employee to use suitable protective equipment to work in high electromagnetic radiation
environments [5]. The research on metal-coated textiles has proven the effectiveness of
EMI shielding in many applications. Compared to other EMI shielding materials like metal,
carbon-polymer composites, and nanofibrils, conductive textiles not only provide effective
EMI shielding due to the textile-based structure of metal-coated textile material, but also
have good wearable properties, such as air permeability and thermal properties [6].
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Three phenomena determine how electromagnetic field strength is lost as it interacts
the shielding objects. These phenomena are absorption, attenuation due to reflection,
and attenuation due to internal reflection [7]. The primary mechanisms of EMI shielding
material are reflection and absorption [8]. The loss due to the multiple reflections usually
can be ignored due to the distance between the reflecting surfaces, or the interface is large
compared to the skin depth [9]. When a textile material has a low thickness, the primary
mechanism for EMI shielding metal-coated textiles is reflection. In this case, to enhance the
EMI shielding effectiveness (SE) of textile shielding clothing, the most common method
is coating the low electrical resistance metals to enhance the material conductivity, for
example, by using silver or gold as coating metal. This concept is not widely implemented,
which may be because these metals are too expensive for large-scale industrial production
and the consumer market, especially for technical clothing use [10,11]. The MXene/metal
oxides nanostructured coating for textile EMI shielding is being quickly developed [12].
Regarding nano-sized metal or heavy metal coated textile, the human body’s health risks
are still of concern [13].

As well as metal conductivity, the porosity and thickness of EMI shielding textiles
significantly influence electromagnetic shielding effectiveness. The test results show that,
by using aluminum foils with pores after increasing the pore size from 1 mm to 3 mm, the
SE reduced by 20–37.5%. Similar results were observed from different pore sizes of EMI
shielding textiles [14]. Considering the influence of thickness after increasing the fabrics’
thicknesses by using the same material, and the SE improved by 5–10 dB for each increased
fabric on different frequencies [3]. Researcher S. Palanisamy studied the influence factor of
textile SE. From the findings of the design of experiment (DoE) screening design, the main
influence factors are the thickness of the materials, the apertures, and the strips laid angle,
which have a statistically significant effect on electromagnetic shielding effectiveness [15].

Generally, compared to other EMI shielding materials such as nanofibrous membranes,
porous light fabric with high SE shows that there is promise for technical textiles to achieve
the balance of high air permeability and high SE with low thickness. For this reason, a
particular type of composite nonwoven polyester fabric MILIFE® with a surface covering
by a particulate-based copper layer produced by Bochemie Ltd., Bohumin, Czech Republic,
named MEFTEX® used in this research.

The purpose of this study is to investigate if the EMI shielding fabrics by using
multilayer combination and mutually aligned with each other, fulfills the expectation of
increased SE in the frequency band from 30 MHz to 1.5 GHz, which is specified in ASTM
D 4935-10 [16], simultaneously ensure a certain degree of air permeability.

2. Materials and Methods
2.1. Material Geometric and Properties

The copper-coated nonwoven polyester fabric, named MEFTEX, is purchased from
Bochemie Ltd., Bohumin, Czech Republic. The greige fabrics are nonwoven polyester-
based fabrics (commercial name MILIFE) from JX Nippon ANCI, Tokyo, Japan. MILIFE
is composed of a dense net of monofilaments bonded by solid spots from locally melted
filaments, making it a potentially useful material for surface metallization. Three different
mass per unit area (GSM; w) [g/m2] of greige MILIFE fabric were used for copper coating,
10 g/m2, 20 g/m2, and 30 g/m2. The fabric mass per unit area [g/m2] was measured using
the standard ASTM D 377633 [17] and the sample size was 600 cm2. Fabric thickness (t)
was measured using a thickness gauge [mm], as per standard ASTM D 5729 [18] (nonwo-
ven samples), and pressure of 1 kPa was used. A total of 10 times measurements were
performed; the mean values and 95% confidence intervals for the means are summarized
in Table 1.

2.2. Metal Coating

MEFTEX is produced via a unique roll-to-roll technological process (patent pending)
based on subsequent chemical and electroplating processes. The surface activation process
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was carried out using an activation solution (CATAPOSIT44, supplied by Rohm and Hass
company, Hoek, The Netherlands) at 45 ◦C for 5 min, then immersed in 10% hydrochloric
acid for 1 min. Pre-activated MILIFE fabric is passing through a bath containing salt CuSO4
and copper nanoparticles on fiber surface obtained by the action of reducing bath (based
on borohydride). By this process, a fragile metal particles dense layer (copper) was created
on MILIFE fabrics’ surface (see Figure 1).

Table 1. Characteristics of the samples.

Sample
Number Sample Details Thickness

(1 Layer) (mm)

Mass Per Unit
Area (1 Layer)

(g/m2)

Deposit of Cu
Per Unit Area

(g/m2)

MEFTEX 10 100% PET
nonwoven 0.042 ± 0.11 11.84 1.84

MEFTEX 20 100% PET
nonwoven 0.074 ± 0.008 24.01 4.01

MEFTEX 30 100% PET
nonwoven 0.112 ± 0.01 41.67 11.67
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Figure 1. Sample appearance image (a) Copper coated MEFTEX (b) MEFTEX 10 (20 cm × 20 cm)
(c) MEFTEX 20 (20 cm × 20 cm) (d) MEFTEX 30 (20 cm × 20 cm).

2.3. Characterization
2.3.1. SEM and EDX

The surface morphology of the MEFTEX fabric was observed under the scanning
electron microscopy (SEM) (VEGA TESCAN Inc. Brno, Czech Republic) at 20 kV. The
cross-section and the surface of the Cu-coated fabric were observed. Elemental analysis
was performed on the metal composition on the surface of MEFTEX (energy-dispersive
X-ray spectroscopy-EDX) using an Oxford Instruments analyzer and AZTEC software
Version 3.2.

2.3.2. EMSE Measurements

The effectiveness of the electromagnetic shielding of textiles was evaluated by the
insertion loss method according to ASTM 4935-10, which is designed for the evaluation of
flat materials. This standard assumes a plane wave impacts on a shielding barrier in the
near zone of the electromagnetic field at a frequency of 30 MHz to 1.5 GHz. The measuring
fixture consisted of a coaxial specimen holder (manufactured by Electro-Metrics, Inc., model
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EM-2107A), whose input and output were connected to a perimeter analyzer. A Rhode &
Schwarz ZNC3 circuit analyzer was used to generate and receive an electromagnetic signal.
The test principle of this method is illustrated in Figure 2. The SE can be interpreted by
the forward transmission coefficient S21, which is the ratio of power without and with
shielding material; the calculation method is as Equation (1):

SE(S21) = −10log
P1

P2
= 10log

P2

P1
(1)
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Figure 2. Measurement of SE for MEFTEX.

P1 is the received power without the fabric present, and P2 is the received power with
the fabric present. To interpret Equation (1), by the sign “-”, the higher the value of SE,
the smaller the number should be that is preceded by “-.” To perform a straightforward
inference, in the following, the result of the SE value is presented without the sign “-” [19].
The electromagnetic wave reflection coefficient interpreting the electromagnetic wave
signal from the transmitting antenna is reflected by the sample and received by Port 1.
The ratio of the receiving reflected power (P3) and the received power without the fabric
present (P1) calculates the input reflection coefficient by Equation (2):

S11 = 10log
P3

P1
(2)

The measurements were performed under the following laboratory conditions:
T = 23.9 ◦C ± 2 ◦C, RH = 48% ± 5%. Each sample was measured five times at different
locations.

2.3.3. Volume Resistivity Test

The volume resistivity ρv [Ω mm] of three groups of the sample was calculated
according to standard ASTM D257-14 [20] at a temperature 23.2 ± 2 ◦C and a relative
humidity RH of 50.7% ± 5%. The electrodes were connected with a 100 V direct current
(DC) power supply. The sample was placed in an air-conditioned room for 24 h before
testing. Volume resistivity ρv [Ω mm] was then calculated from Equation (3):

ρv = Rv(
S
t
) (3)

Rv is the reading of volume resistance measurement, t [m] is the material thickness and
S [m2] is the surface area of measurement electrodes.

2.3.4. Porosity (Optical) Analysis and Air Permeability

A fabric’s porosity has a strong positive correlation with its air permeability, which
is one of the essential wearing comforts for evaluating fabrics. One characteristic of the
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distribution of a nonwoven fabric’s porosity is unevenness. In image analysis, a nonwoven
fabric’s porosity can be expressed by the optical porosity, which is a percentage value
calculated from the aperture area of the observation part divided by area of the observation
part. For the porosity investigation, images of MEFTEX were obtained using a Nikon
Eclipse E200 microscope in transmitted light. Images were captured as RGB image matrices
of size 1200 × 1600 px. All images were captured using the same microscope. Follow-
ing image analysis, for better visual representation, the original picture was cropped to
1200 × 1200 px after adjusting the intensity to size 100 × 100 px (0.64 × 0.64 mm), convert-
ing this image into a binary image. Finally, by using the MATLAB program processing this
image, each grid porosity of 12 × 12 mesh structured image was generated (see Figure 3).
The numbers in each grid represent the porosity, and porosity distribution can be expressed
via box plot and observed via the whole generated image.
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Figure 3. (a) Original image of sample MEFTEX 10 (1200 × 1600 px; 7.69 mm × 10.26 mm), (b) image
crop and sub windows of size 100 × 100 px (0.64 mm × 0.64 mm), (c) binary image (d) map
of porosity.

An essential factor in the comfort of fabric is air permeability (AP), which is influenced
by its porosity. An AP tester (FX 3300, TEXTEST Instruments, Hertogenbosch, The Nether-
lands) was used at 200 Pa to conduct the AP test according to the ISO 9237 standard [21].
The AP was measured under the laboratory conditions T = 21.3 ◦C± 2 ◦C, RH = 50% ± 5%.
To test air permeability, each of three different samples was measured ten times.

3. Results and Discussion
3.1. Morphology Analysis and Elemental Analysis

The structure of single-layer MEFTEX 10, MEFTEX 20, and MEFTEX 30 was observed
from SEM images (Figure 4). From the image, it is clear the porous structure and critical
point of the nonwoven fabric MILIFE. MILIFE is composed of a dense net of monofilaments
from which critical points produce locally melted filaments, making it a promising material
for surface metallization. To highlight the unique processing technology of MILIFE, the
porous structure is presented in the image. The porous structure decreases with the
increasing mass per unit area of MILIFE nonwoven fabrics. MEFTEX 20 and MEFTEX 30′s
arrangement of fibers are dense in the same area, while MEFTEX 10 has more overlapping
fibers. This is the reason MEFTEX 20 and MEFTEX 30 have higher thickness and areal
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density. Figure 4d,e shows the surface morphologies of MEFTEX. It is apparent from the
micrographs that a thin copper layer can be clearly distinguished on the MEFTEX surface.

Polymers 2021, 13, x FOR PEER REVIEW  6  of  16 
 

 

3. Results and Discussion 

3.1. Morphology Analysis and Elemental Analysis 

The structure of single‐layer MEFTEX 10, MEFTEX 20, and MEFTEX 30 was observed 

from SEM images (Figure 4). From the image, it is clear the porous structure and critical 

point of the nonwoven fabric MILIFE. MILIFE is composed of a dense net of monofila‐

ments from which critical points produce locally melted filaments, making it a promising 

material  for  surface metallization.  To  highlight  the  unique  processing  technology  of 

MILIFE, the porous structure is presented in the image. The porous structure decreases 

with  the  increasing mass per unit area of MILIFE nonwoven  fabrics. MEFTEX 20 and 

MEFTEX 30′s arrangement of  fibers are dense  in  the same area, while MEFTEX 10 has 

more overlapping fibers. This is the reason MEFTEX 20 and MEFTEX 30 have higher thick‐

ness and areal density. Figure 4d,e shows the surface morphologies of MEFTEX. It is ap‐

parent from the micrographs that a thin copper layer can be clearly distinguished on the 

MEFTEX surface. 

 

Figure 4. Scanning electron micrographs images of (a) MEFTEX 10 (50×) (b) MEFTEX 20 (50×) and (c) MEFTEX 30 (50×) 

(d) Meftex surface coated with copper micro view (e) A cross section view of MEFTEX. 

Figure 5 displays the EDX analysis results of Cu deposition elements in the area of 

450 μm × 450 μm. Five times measurement were applied; Table 2 displays the mean value 

and standard deviation  for  the detected elements. The high proportion of copper with 

high surface density is visible on the surface of each sample. In addition to Cu, oxygen 

(O), carbon (C), calcium (Ca), and titanium (Ti) are visible, and their concentration is pre‐

sented  in Figure 5. The presence of titanium is due to the matting of polyester by TiO2 

before creating a MILIFE structure [22]. It is observed that the copper coating is not con‐

tinuous, but distances between coated parts are over the percolation threshold. The elec‐

tromagnetic SE, in particular, is extraordinarily high. 

Figure 4. Scanning electron micrographs images of (a) MEFTEX 10 (50×) (b) MEFTEX 20 (50×) and (c) MEFTEX 30 (50×)
(d) Meftex surface coated with copper micro view (e) A cross section view of MEFTEX.

Figure 5 displays the EDX analysis results of Cu deposition elements in the area of
450 µm × 450 µm. Five times measurement were applied; Table 2 displays the mean value
and standard deviation for the detected elements. The high proportion of copper with
high surface density is visible on the surface of each sample. In addition to Cu, oxygen (O),
carbon (C), calcium (Ca), and titanium (Ti) are visible, and their concentration is presented
in Figure 5. The presence of titanium is due to the matting of polyester by TiO2 before
creating a MILIFE structure [22]. It is observed that the copper coating is not continuous,
but distances between coated parts are over the percolation threshold. The electromagnetic
SE, in particular, is extraordinarily high.
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Table 2. EDX analysis of MEFTEX surface.

Sample
Number Element Wt [%] Standard

Deviation Element Wt [%] Standard
Deviation

Meftex 10 Cu 75.87 2.12 C 16.32 1.03
O 7.28 0.87 Ti 0.36 0.08
Ca 0.16 0.32

Meftex 20 Cu 45.2 1.21 C 33.49 1.09
O 20.18 0.38 Ti 0.47 0.04
Ca 0.67 0.15

Meftex 30 Cu 63.52 2.01 C 23.94 0.9
O 11.94 1.08 Ti 0.35 0.02
Ca 0.24 0.14

3.2. Single Layer EMSE of MEFTEX

The results of single-layer MEFTEX’s EMI shielding effectiveness are displayed in
Figure 6. Figure 6 shows that the MEFTEX 10 reported the lowest SE from 42.5 dB to
48.2 dB compared to other samples in the frequency band 30 MHz–1.5 GHz. MEFTEX 30
provides higher SE between 56.14 dB and 62.53 dB in the frequency band 30 MHz–1.5 GHz.
According to the results, the SE of MEFTEX with a higher mass per unit area of 30 g/m2

(sample MEFTEX 30) performs better EMI shielding due to a larger amount of metalized
fibers than MEFTEX with a basis weight of 10 g/m2 or 20 g/m2 (samples MEFTEX 10,
MEFTEX 20). All samples of single-layer MEFTEX, according to the classification, evaluated
in the “Excellent” category for Class II general use. For Class I Professional use, MEFTEX 10
fulfills the SE requirements of grade “AAA” (Good), while MEFTEX 20 and MEFTEX 30
fulfill the SE requirements for between a “AAAA” (Very good) and “AAAAA” (Excellent)
grade [23] (see Table A1).
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For conductor plate shielding materials, SE can be calculated by the Schelkunoff equa-
tion (Equation (4)) based on the transmission theory, with SEA [dB] being the absorbing loss
of the shielding materials, SER [dB] the single reflection loss on the surface of the shielding
materials, and SEM [dB] the multi-reflection loss inside the shielding materials [24].

SE = SEA + SER + SEM (4)
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The electromagnetic shielding efficiency of an element is characterized by its electric
conductivity, permittivity, permeability, parameters of source, and properties of the ambient
surroundings [9]. For EMI shielding materials with an SEA of more than 6 dB, the multi-
reflection loss inside the shielding material can be ignored. When SEA is less than 10 dB,
the correction term SEM should be considered. The multiple reflection correction term can
be calculated via the following equation [25,26]:

SEM = 20log10(1−
(C− 1)2

(C + 1)2 10− SEA/10) (5)

where C = ZS/ZH, Zs is the shield impedance and ZH is the impedance of the incident
magnetic field.

According to White’s model, the SE can be explained by Equation (6) [26,27]:

SE = 168− 10log(
Kc f
K

) + 1.315t

√
f K
Kc

(6)

where Kc [S/cm] is the copper conductivity (5.82 × 105 S/cm), f [MHz] is the frequency,
t [cm] is the thickness, and K [S/cm] is the volume conductivity of the conductive material,
which can be calculated via volume electrical resistance via Equation (7):

K =
1
ρv

(7)

Equation (6) can be re-written as:

SE = 168− 10log(Kc f ρv) + 1.315t

√
f

ρvKc
(8)

The volume electrical resistivity and SE at 1.5 Hz frequency for all samples are listed in
Table 3. To evaluate the results of different samples, the SE obtained at 1.5 GHz frequency
was used. This frequency was found to be important because it is close to the frequency
used by many working devices (e.g., cell phones, GPS, and Wi-Fi routers) [26]. The
results are very close to the experiment results at 1.5 GHz, especially for MEFTEX 20 and
MEFTEX 30. It was clear that the experimental SE value of the single-layer MEFTEX 10
differs greatly from the theoretical value. This is the reason for providing the theoretical
value even though it is not designed and derived for the ultrathin fabrics used in this work.
The thickness of MEFTEX 10 is significantly less (0.042 ± 0.11 mm; cf. Table 1) than the
other fabrics used in this work, which contributes to the great difference in the theoretical
EM SE at 1.5 GHz (cf. Table 3).

Table 3. Volume electrical resistivity and EMSE, SER, SEA, SEM at 1.5 GHz.

Sample
Number

Thickness
[mm]

Volume
Electrical

Resistivity
[Ω·mm]

The Experiment
Result of EM SE

on 1.5 GHz
[dB]

SER [dB] SEA [dB] SEM [dB]

The Theoretical
Calculated

Result of EM SE
on 1.5 GHz

[dB]

MEFTEX 10 0.042 5022.78 45.2 36.79 8.41 −1.47 51.58
MEFTEX 20 0.074 1676.40 57.64 44.71 12.93 - 56.34
MEFTEX 30 0.112 991.50 58.91 43.76 15.14 - 58.62

3.3. Multilayer MEFTEX SE and SEG

Adding a layer of MEFTEX caused SE to significantly increase. These results can
be observed in Figure 7. Compared to single-layer MEFTEX, the multilayer MEFTEX
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provides significantly increased EMI shielding properties. After calculating the average
SE in the frequency band from 30 MHz to 1.5 GHz, the SE of five layers of MEFTEX 10
(10-5) increased 83.3% compared to one-layer MEFTEX 10 (10-1). Five-layer MEFTEX 20
(20-5) and five-layer MEFTEX 30 (30-5) improved the electromagnetic shielding effect by
49.13% and 44.27% respectively, in comparison to one-layer MEFTEX 10. To explain this
result, Equation (8) clarifies that, by increasing thickness and decreasing volume electrical
resistivity, the SE can be increased. The test results reinforce this. By increasing layers, the
thickness is increased and the volume electrical resistance decreases, as shown in Table 4.
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Table 4. Volume electrical resistivity change and thickness change with increasing of layers.

Sample
Code *

Volume
Electrical

Resistivity
[Ω·mm]

Sample
Code *

Volume
Electrical

Resistivity
[Ω·mm]

Sample
Code *

Volume
Electrical

Resistivity
[Ω·mm]

10-1 5022.78 20-1 1676.40 30-1 991.50
10-2 1640.93 20-2 663.40 30-2 430.43
10-3 963.80 20-3 433.67 30-3 297.05
10-4 126.70 20-4 325.73 30-4 248.19
10-5 60.04 20-5 249.12 30-5 204.11

* 10-1: 1 layer of MEFTEX 10, 10-2: 2 layers of MEFTEX 10. Same rule for other samples.
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For multilayer MEFTEX, the SE at 1.5 GHz was always above 40 dB, which is classifies
it in the “Excellent” category for professional use. The maximum SE at 1.5 GHz can be
reached at 87.14 dB by five layers of MEFTEX 20. This performance can be classified as
an “Excellent” grade. From one layer to two layers, the SE increase rate compared to the
previous layer was from 18.91% to 31.26%, two layers to 3 layers are between 3.37% and
15.98%, and from 3 layers to 4 layers is 2.67–43.64%. However, the increasing rate from the
fourth layer to the fifth layer is only 0.37–2.47%.

To explain this result, the previously described Schelkunoff equation (Equation (4))
based on the transmission theory was used.

SER = 106 + 10lg(δr/ f ur) (9)

SEA = 131.43t
√

f urδr (10)

where f is frequency [Hz], ur is the permeability of material relative to copper, δr is the
electrical conductivity of the material relative to copper, and t is the thickness [m] [27].

For multilayer structured MEFTEX, the reflection loss SER is relatively constant com-
pared to a single layer (Equation (9)). When the number of layers is increased, the absorbing
loss SEA increases due to the change in thickness (Equation (10)). However, the transmitted
EM wave will decrease due to the decreasing porosity. When the thickness increases from
the fourth layer to the fifth layer, the number of pores that electromagnetic waves can
penetrate slightly reduces. Therefore, when the number of layers increases, the increase
rate of the shielding effectiveness compared to the previous layer will decrease.

For different applications of EMI shielding materials, the weight of the electromagnetic
shield material is significant as well. In these cases, the specific electromagnetic EMSE, SEG
[dB·m2/g] can be calculated according to the following equation:

SEG =
SE
w

(11)

where w (g/m2) is the planar mass.
The material with a higher SEG is desirable. It is often possible to make the shield

thicker for a higher shielding ability. For the multilayer MEFTEX, the SEG decreases with
the increasing of layers (see Figure 8). The SEG value for aluminum foil is 1.42 (SE = 78 dB,
w = 55 g/m2), which was the best material tested in reference [28,29]. A single layer of
MEFTEX with all specifications provided higher SEG than aluminum foil, and multilayer
MEFTEX 10 with up to four layers provided higher SEG than 1.42. This is because of the
ultra-thin characteristics and high porosity of MEFTEX 10. For the statistical approach, the
SE and planner mass can be fitted using the exponential function, and the final fitting model
had R2 > 0.9 for all three samples, which confidently proves an exponential relationship
between mass per unit area and SE. In contrast, the increase of planner mass via layer
increasing is linear. The difference of increasing trend between mass per unit area and SE
causes SEG to decrease as layers are added.

3.4. Air Permeability Is Influenced by the Multilayer Structure

As the number of layers increases, the porosity of the nonwoven structured sample
decreased. Using the MATLAB® image analysis program, the optical porosity influenced by
the layer layout is presented via the distribution of porosity in boxplot Figure 9, which also
proves the aforementioned conclusion. The total volume of void space within a specified
area of the MEFTEX 30 fabric is smaller than the other fabrics. For this reason, MEFTEX 30
has the lowest porosity (cf. Figure 4a–c).
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As we know, porosity has a significant influence on the air permeability of textile
material. The diameter of pores influences the air permeability of EMI shielding textiles
and affects their SE. In the case of metal foil, the SE can be calculated by the following
empirical equation (Equation (12)) [28]:

SE = 20lg(
1

Tt + Th
) = 20lg(

1

Tt + 4n(q/F)
3
2
) (12)

Tt is the transmission coefficient of the total shielding metal, Th is the transmission
coefficient of the pores on the shielding metal foil, n is the number of pores, q is the area of
each pore, and F is the total area of the shielding metal foil.

According to this equation, if the metal foil pores are getting larger, the SE becomes
lower. This conclusion may indicate a contradiction for air permeability and SE. To illustrate
this problem, the relationship of the air permeability of multilayered MEFTEX and its SE
(average SE from frequency 30 MHz to 1.5 GHz) is presented in Figure 10. All three groups
of MEFTEX indicate that with increasing air permeability, the SE decreases, creating an
exponential relationship (R2 > 0.9). The increase in air permeability can be seen as a
decrease in sample thickness. By combining the conclusions from Equations (8) and (10),
it can be inferred that when the number of layers is increased, the sample’s porosity will
decrease. These two factors can increase SE.
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Figure 10. The relationship between air permeability and EMSE of MEFTEX.

There is one point that should be noticed. Three layers of MEFTEX 10 have a similar
thickness, mass per unit area (cf. Table 1), and volume resistivity (cf. Table 3) compared to
one-layer MEFTEX 30. The same principle applies when comparing two layers of MEFTEX
to one layer of MEFTEX 20, indicating a similar EMI shielding property. The reason is
that, for the same material, increasing the number of layers at the same time causes the
volume resistivity will decrease. When the thickness and resistivity are similar, the SE
performance should not be significantly different, which has been proven from the SE test
result. (cf. Figure 7) However, the air permeability of three-layer MEFTEX 10 is much better
than one-layer MEFTEX 30. The same applies when comparing two layers of MEFTEX 10
to one-layer MEFTEX 20 and four layers of MEFTEX 10 to two layers of MEFTEX 20. The
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difference in air permeability is caused by the difference in porosity, which can be observed
via optical porosity. The optical porosity of 3 layers of MEFTEX 10 is higher than one-layer
MEFTEX 30. The mass per unit area and thickness of one layer of MEFTEX 30 and three
layers of MEFTEX 10 are similar, but the fiber arrangement of MEFTEX 10 and MEFTEX 30
can vary. It cannot simply be interpreted that the porosity of three layers of MEFTEX 10 is
similar to one layer of MEFTEX 30, but it can be inferred from this research.

One advantage of copper-coated material is combining the suitable EMI shielding
property and textile wearable properties, including air permeability. In this study, a higher
mass per unit area fabric (MEFTEX 30) provided better SE. However, on the same SE level,
the lower mass per unit area fabric (MEFTEX 10) shows better air permeability. Considering
the balance of SE and air permeability for MEFTEX (Figure 10), three to four layers of
MEFTEX 10 will perform average SE of 59.79 dB–78.38 dB in the frequency band 30 MHz
to 1.5 GHz, and average air permeability of 2942 L/m2/s–3658L/m2/s [30].

4. Conclusions

In this research, three different mass per unit area EMI shielding materials, MEFTEX 10,
MEFTEX 20, MEFTEX 30, were studied to determine whether multilayered structure influ-
ences SE and air permeability. Observed by SEM and EDX, a uniform copper coating is
plated on the surface of the polyester fiber, which gives the material excellent electromag-
netic shielding performance and maintains the porosity of the base material itself. MEFTEX
30 has the best SE effect among single-layer materials, which is around 58.92 dB, because
of its higher thickness and lower volume electrical resistivity. According to the shielding
principle, a thicker material increases the absorption attenuation capacity of the shield
under the same shielding material. In this research, comparing the SE with two materials
of similar thicknesses, two layers of MEFTEX 10 and one layer of MEFTEX 20, as well as
three layers of MEFTEX 10 and one layer of MEFTEX 30, there is no significant difference
in SE performance. As the number of material layers increases, the shielding effect of five
layers of MEFTEX is significantly higher (44.27–83.8%) than one-layer MEFTEX. After the
number of layers is increased, the porosity is significantly reduced, and the air perme-
ability is also reduced. Nevertheless, within a considerable EMI shielding range around
59.79 d–78.38 dB, the air permeability of three to four layers of MEFTEX 10 material was
maintained from 2942 L/m2/s–3658 L/m2/s.
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Appendix A

Table A1. Classification of EM SE values on textiles for general use [29].

Type Grade Shielding
Effectiveness (dB) Classification

Percentage of
Electromagnetic

Shielding (%)

Class I
Professional

use
AAAAA SE > 60 dB Excellent ES > 99.9999%

AAAA 60 dB ≥ SE > 50 dB Very good 99.9999% ≥ ES > 99.999%
AAA 50 dB ≥ SE > 40 dB Good 99.999% ≥ ES > 99.99%
AA 40 dB ≥ SE > 30 dB Moderate 99.99% ≥ ES > 99.9%
A 30 dB ≥ SE > 20 dB Fair 99.9% ≥ ES > 99.0%

Class II
General use AAAAA SE > 30 dB Excellent ES > 99.9%
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9. Militký, J.; Šafářová, V. Numerical and experimental study of the shielding effectiveness of hybrid fabrics. Vlak. A Text. 2012,

19, 21–27.
10. Zeng, W.; Tao, X.M.; Chen, S.; Shang, S.; Chan, H.L.W.; Choy, S.H. Highly durable all-fiber nanogenerator for mechanical energy

harvesting. Energy Environ. Sci. 2013, 6, 2631–2638. [CrossRef]
11. Moazzenchi, B.; Montazer, M. Click electroless plating of nickel nanoparticles on polyester fabric: Electrical conductivity, magnetic

and EMI shielding properties. Colloids Surfaces A Physicochem. Eng. Asp. 2019, 571, 110–124. [CrossRef]
12. Rajavel, K.; Hu, Y.; Zhu, P.; Sun, R.; Wong, C. MXene/metal oxides-Ag ternary nanostructures for electromagnetic interference

shielding. Chem. Eng. J. 2020, 399, 125791. [CrossRef]
13. Mantecca, P.; Kasemets, K.; Deokar, A.; Perelshtein, I.; Gedanken, A.; Bahk, Y.K.; Kianfar, B.; Wang, J. Airborne Nanoparticle

Release and Toxicological Risk from Metal-Oxide-Coated Textiles: Toward a Multiscale Safe-by-Design Approach. Environ. Sci.
Technol. 2017, 51, 9305–9317. [CrossRef]

14. Xiao, H.; Shi, M.W.; Wang, Q.; Liu, Q. The electromagnetic shielding and reflective properties of electromagnetic textiles with
pores, planar periodic units and space structures. Text. Res. J. 2014, 84, 1679–1691. [CrossRef]

15. Palanisamy, S.; Tunakova, V.; Hu, S.; Yang, T.; Kremenakova, D.; Venkataraman, M.; Petru, M.; Militky, J. Electromagnetic
Interference Shielding of Metal Coated Ultrathin Nonwoven Fabrics and Their Factorial Design. Polymers 2021, 13, 484. [CrossRef]
[PubMed]

16. ASTM International ASTM D 4935. Standard Test Method for Measuring the Electromagnetic Shielding Effectiveness of Planar Materials;
ASTM International: West Conshohocken, PA, USA, 1999; Volume 10, pp. 1–10. [CrossRef]

17. ASTM D3776/D3776M-20. Standard Test Methods for Mass Per Unit Area (Weight) of Fabric. Available online: https://www.
astm.org/Standards/D3776.htm (accessed on 11 March 2021).

18. ASTM D5729-97(2004)e1. Standard Test Method for Thickness of Nonwoven Fabrics (Withdrawn 2008). Available online:
https://www.astm.org/Standards/D5729.htm (accessed on 11 March 2021).
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Abstract: A polyester fabric with rectangular openings was used as a sacrificial template for the
guiding of a sub-micron sphere (polystyrene (PS) and silica) aqueous colloid self-assembly process
during evaporation as a patterned colloidal crystal (PCC). This simple process is also a robust one,
being less sensitive to external parameters (ambient pressure, temperature, humidity, vibrations).
The most interesting feature of the concave-shape-pattern unit cell (350 µm × 400 µm × 3 µm) of
this crystal is the presence of triangular prisms at its border, each prism having a one-dimensional
sphere array at its top edge. The high-quality ordered single layer found inside of each unit cell
presents the super-prism effect and left-handed behavior. Wider yet elongated deposits with ordered
walls and disordered top surfaces were formed under the fabric knots. Rectangular patterning was
obtained even for 20 µm PS spheres. Polyester fabrics with other opening geometries and sizes
(~300–1000 µm) or with higher fiber elasticity also allowed the formation of similar PCCs, some
having curved prismatic walls. A higher colloid concentration (10–20%) induces the formation of
thicker walls with fiber-negative replica morphology. Additionally, thick-wall PCCs (~100 µm) with
semi-cylindrical morphology were obtained using SiO2 sub-microspheres and a wavy fabric. The
colloidal pattern was used as a lithographic mask for natural lithography and as a template for the
synthesis of triangular-prism-shaped inverted opals.

Keywords: colloidal crystals; polyester fabric; polystyrene; silica; sub-micron spheres; self-assembly;
negative diffraction; super-prism effect

1. Introduction

Colloidal solutions containing spheres of sub-micron dimensions can form through
the phenomenon of self-assembly following the loss of their liquid by evaporation, an
ordered porous solid known as colloidal crystal (CC) [1–4]. As one-dimensional (1D) or
bi-dimensional (2D) materials, they are challenging, by virtue of their low cost, to sophis-
ticated but expensive technologies, such as photolithography [5], direct laser writing [6],
two-photon polymerization [7], and holographic methods [8], when competing for the
production of photonic crystals (PCs) [9–11]. There are two winning strategies in this
competition. In the first, CCs are used as templates by filling their interstitial spaces with
a fluid precursor capable of solidification. Then, the templates are removed to obtain a
porous inverse replica [12]. In the second strategy, CCs are used as masks in colloidal lithog-
raphy [13], where a mono or bilayer of colloidal crystals is exposed to reactive ion etching
to produce surfaces with heterogeneous chemistry or to metal evaporation to produce
arrays with nanometric features over a large area. In both cases, the resulting structures
can be defined as PCs, namely periodic dielectric structures on the light wavelength scale,
which can manipulate light in the same manner as a crystal lattice manipulates electrons [9].
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As in the case of PCs, their most important property is Bragg diffraction of light [14].
Thus, they present optical band gaps (range of frequencies and directions through which
light cannot pass) [15]. As is the case with PCs, CCs can be used as opto-chemical and
opto-biological sensors [16,17] to detect chemical and living events, as band-stop and band-
pass filters [18,19] for integrated optics, as micro-antennas [20] for satellite and mobile
communications, or as laser components [21].

As three-dimensional (3D) materials, CCs compete with three-dimensionally-ordered
macro-porous (3DOM) materials obtained by means other than self-assembly methods [22].
In this case, voids in the volume of CCs and the interconnectivity of their voids are useful
in phenomena involving the movement of fluids through pores. Such movement of fluids
is not facilitated by CCs themselves but by their porous inverse replica, which results when
a 3D CC is filled with a fluid precursor capable of solidification, followed by removal of the
template. As 3DOM materials, they can serve as catalysts [23,24], porous electrodes [25], or
membranes for smart filtration [26], among other applications. Even if they look similar to
microporous and mesoporous ordered materials (such as zeolites [27] and metal organic
frameworks (MOFs) [28]), the main difference consists in their pore size. Whether CCs are
produced as PCs or 3DOM materials, they must present a high level of ordering both for
Bragg diffraction to exists and for a decrease in the tortuosity of materials (diffusion and
fluid-flow easiness in porous media) [29].

Usually, simple techniques, such as sedimentation, LB technique, floating packing,
spin coating, drop drying, vertical deposition, and others [30], produce colloidal crystals
with flat extended surfaces flat parallel with the substrate, having sub-micron spheres
arranged only in a hexagonal or cubic packing, which repeats in all three directions.
Expensive and sophisticated technologies [5–8] can synthesize almost any highly ordered,
reproducible array or pattern that can be designed and fabricated as thin film. However,
both approaches fail in the third-direction periodical structuring of PCs. Simple techniques
can present only hexagonal or cubic structuring, and expensive techniques can repeat
the structuring of the extending surfaces only along a few layers. Optical transmission
properties of PCs and CCs as PCs depend on the number of structured layers (between
one and dozens) in the third direction [31]. In the great majority of cases, self-assembled
colloidal crystals exhibit only (111) dense-packed planes at the surface [32] or in some cases,
on the fcc (100) or bcc (100) [33], (001), or (110) planes [34]. The simultaneous controlled
presence of multiple types of surface planes in these photonic crystals would greatly enrich
their photonic bands and, consequently, their potential applications. A curved surface
exposes different packed planes, and this can be seen in round colloidal crystals, such as
spheres, hemispheres, cylinders and rings [35–38]. Compared with the flat surfaces of CCs,
which present different colors when observed from different angles, the curved surfaces
show the same color, which is independent of the viewing angle [39,40]. Unfortunately,
other interestingly shaped colloidal crystals, such as flat surfaces that are not parallel
with the substrate surfaces, like pyramids or triangular prisms, or curved but concave (as
opposed to convex) surfaces, as in the case of spheres, hemispheres, cylinders, or rings,
were rarely obtained by self-assembly. However, there are a few approaches through
which we can increase the physical or chemical properties of an ordered, porous thin
film. The first is to fabricate thin crystals onto a curved substrate [41]. The second is, as
mentioned before, to shape the film as a three-dimensional object. The third approach is
to produce hierarchical order by patterning a substrate with small crystal units. These
patterns have minimized volumes and integrated functions, compared to traditional film
devices, and provide better performance than their structural units [32]. Usually, the
patterns are designed by using the same techniques employed for obtaining CCs units;
thus, the absence of complex structuring of CC units in the third dimension persists.

There are two approaches that are usually used for the fabrication of patterned col-
loidal crystals (PCCs). In the first, sub-micron spheres self-assemble as a film, which are
patterned using plasma etching [42], ultra-sonication [43], lift-up soft lithography [44], and
other methods. In the second, the substrate is patterned first, and on this patterned sub-
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strate, the sub-micron spheres self-assemble in the proper zones. These zones are restricted
from the rest of the substrate by chemical wettability [45,46], physical confinement [47,48],
the most used method of which is ink-jet printing [49], and surface relief [50,51]. However,
in almost all cases, the resulting patterns are rather poor, limited to simple bi-dimensional
arrays of flat lines and dots. Moreover, by using expensive technologies for substrate
pre-patterning, the overall cost greatly increases. In the first approach, it is impossible
to sculpture sub-micron sphere film other than normally to the surface. In the second
approach, even when sub-micron sphere film can be precisely cut or etched in the lateral
extension, it is limited to the spherical [52] or flat liquid/air interface shape of the self-
assembly zones. This induces a spherical or flat shape of the final colloidal crystals, leading
to the poor structuration of colloidal crystals in all three dimensions. A pyramid, for exam-
ple, is much more difficult to achieve, especially trough a pure self-assembly phenomenon.
However, self-assembly of sub-micron spheres on a surface-modified relief seems to offer
some possibilities. If “positive-relief” rectangle-shaped colloidal crystals could be pro-
duced [50], pyramid-shaped crystals could only be obtained only by using a “negative”
relief [53,54]. In both cases, the most important problem is that after self-assembly, the
colloidal crystals remain trapped in their relief. Their most important surfaces— those
which are not parallel with the substrate—remain closed to the external medium.

However, assuming that we can fabricate a single-micrometer prism by self-assembly—
meaning to succeed in shaping the capillary forces involved in the process—its multiplying
and ordering in a pattern requires repetition on a large scale of the local conditions necessary
for the self-assembly of a single prism. This means that the capillary forces that act on the
micrometer scale must be able to repeat in a pattern on the macroscopic scale. We found that
a commonplace material, more precisely a polyester microfiber woven fabric [55], can fulfill
these conditions. The fabric can be seen as a lithographic mask, but comparing with it a
fabric presents some remarkable properties regarding its use in the patterning of substrates.
It has knots [56]. These knots allow the fibers of the fabrics to settle towards the substrate
at a certain distance. Thus, the colloidal liquid can wet the substrate below each fiber. A
fabric in close contact with a smooth solid substrate will form a kind of three-dimensional
lithographic mask. A colloidal solution deposited between substrate and fabric will allow
the movement of the liquid-dispersed nanometer or micron solid particles over a much
longer distance than a single unit, as in the case of a lithographic mask. Moreover, between
the hydrophobic polyester fibers and the hydrophilic substrate, a special air/liquid interface
will form in the zone of each opening, which will act not only to induce their own shape to
the final solid pattern, but these interfaces will strongly confine the sub-micron spheres
during solvent losses, providing the necessary force for the self-assembly of a quality
colloidal crystal. However, the most important thing is that after sub-micron spheres
self-assemble in the dry-patterned colloidal crystal, the fabric can be completely peeled
off. It is worth mentioning that a specific research domain in materials physics, namely
“capillary-bridge-mediated-assembly” or “liquid-bridge-induced assembly (LBIA)” [57–59],
may offer some suggestions on the synthesis of patterned and shaped colloidal crystals.
Even though their main purpose is to obtain 1D nanostructures to be used as waveguides
and they usually use nanometric particles and not sub-micron spheres, the fact that they
are based on capillary forces that confine nanoparticles through liquid bridges built into a
different architecture than the methods cited in reference [30] could help us. Unfortunately,
this approach also uses expensive technologies.

In this work, we present, for the first time, a cheap and fast method by which a new
kind of patterned colloidal crystal can be fabricated by using a hydrophilic substrate, a
water-based sub-micron-sphere colloidal solution, and a hydrophobic polyester fabric.
A sub-micron sphere can thus self-assemble with remarkable three-dimensional ordered
concavities, much similar to those possessed by some living creatures [60].
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2. Materials and Methods
2.1. Materials

Polystyrene (PS) sub-micron-sphere aqueous colloidal solutions with 0.150 µm,
0.300 µm, 0.488 µm, and 20.0 µm and SiO2 with 0.245 µm mean diameter, 5% w/v, were
purchased from microParticles GmbH, Berlin, Germany, and used as they were or diluted
with deionized water when needed. Commercially available microscope glass slides, opti-
cal polished silicon, and steel samples were used as substrates after a few minutes cleaning
by ultrasonication in acetone, distilled water, and ethanol, followed by natural drying.
Commercially available polyester fabric sheets (polyester veil) were cut in 1 cm × 1 cm
pieces and used as they were. However, most appropriate materials can be found on the
Internet by using the keywords: polyester, plain, precision, fabric.

2.2. Synthesis of Patterned Colloidal Crystals

A few droplets of sub-micron-sphere colloidal solution were deposited onto the surface
of a microscope glass slide (Figure 1a).
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Figure 1. Experimental set-up and the necessary steps for synthesis of colloidal crystal self-assembly guided by polyester
fabric: (a) colloidal solution drop on the microscope glass slide substrate; (b) polyester fabric pressing the colloidal drop;
(c) metallic wire rolled around the fabric and the colloidal film; (d) the final dried PCCs after the wire and the fabric
were removed.

A piece of fabric sheet of ~1 cm2 was gently deposited onto the colloidal drop and
lightly pressed to stick it to the glass substrate (Figure 1b). A thin metallic wire (100 µm
diameter) was rolled tight around the fabric and colloid (the distance between metallic
spires was 2–4 mm) (Figure 1c). The role of the metal wire is to keep the fabric in tight
contact with the substrate throughout the evaporation of the solvent and, at the same time,
to introduce as little disturbance as possible to the natural evaporation process. Several
types of wires were tried—metallic, polymeric (from polyester or cellulose)—but the copper
wire was proven to best meet these conditions. Close contact between the fabric and the
substrate throughout the evaporation of water is necessary because the fabric, if left free,
undergoes some square-millimeter detachments from the substrate in the final phase of
evaporation (inhomogeneous evaporation). After a few minutes (~30 min in the normal
conditions of temperature and humidity of the laboratory, T = 25 ◦C, relative humidity
(RH) = 40–60%), once the liquid completely evaporated, the wire and fabric were removed
and the colloidal crystal can be further used in experiments (Figure 1d). We mention that
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the same result was obtained if we first placed the fabric on the empty substrate, rolled the
metal wire and then deposited a few drops of colloidal solution on top, slightly tapping it.

Thin-film colloidal crystals of 488 nm PS spheres were also fabricated by the spin-
coating technique using a WS-400BX-6NPP/LITE model (Laurell Technologies, New Wales,
PA, USA). A few drops of colloidal solution (PS 488 nm, 5% w/v) were poured onto the
microscope glass slides used as substrates, which were spun at 1500 rpm for 30 s.

2.3. Investigation

Macro-scale observations of the as-synthesized patterned colloidal crystals were per-
formed by using optical microscopy and a digital photo camera. A scanning electron
microscope (SEM) (Apreo S Thermo Fisher Scientific, Auburn, AL, USA) and an atomic
force microscope (AFM) XE-100 (Park Systems Inc., Santa Clara, CA, USA) were used to
observe the structures and morphologies of the self-assembled patterned colloidal crystals
at sub-micron and nanometric scales. A thin layer of gold was sputtered onto the samples
prior to imaging. UV—vis transmittance spectra were acquired by using an optical-fiber-
connected AvaLight-DHc light source (spot size ~200 µm) and an AvaSpec-ULS2048CL-
EVO—high-resolution spectrometer, all from Avantes, Apeldoorn, The Netherlands.

3. Results and Discussion

By looking through a magnifying lens, we were able to observe a regular grid
(Figure 1d), which seems to reproduce the fabric design (Figure 2a). SEM imaging (Figure 2b)
shows regular square cells of around 0.35 mm in size with a small, round opening (a few
dozen micrometers) in the center of each cell. Sparkling, solid walls and a pale yellow
or brown surface between walls and the centered opening was observed by reflection
optical microscopy (Figure 2c). Upon closer examination (SEM), magnificent triangular
prisms comprising well-ordered sub-micron spheres in a hexagonal array stay straight for
hundreds of micrometers in length (Figure 2d–f), each prism finishing on its top with one
dimensional array of sub-micron spheres (Figure 2f). AFM investigations show that the
prism surfaces are slightly concave, and the width and height of prisms are around 10 µm
and 3 µm, respectively (Figure 2g).
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The ordering and the reproducibility of these structures are remarkable, obtained
every time the experiments were performed under the same conditions. However, during
a large number of experiments, we noticed the following general trends:

(a) Colloidal concentrations greater than 1% are needed for prisms to appear, and con-
centrations greater than 3% are needed for a line of spheres to settle on their upper
edge. These values should not be taken as absolute but rather as starting values. They
can vary within certain limits with all the parameters upon which self-assembly of
the spheres depends.

(b) The ordering quality increases with the increase in the hydrophilicity of the substrate.
Although prisms can be obtained even on polymeric substrates, the best results are
obtained on glass substrates.

(c) The overall quality of the grids slightly increases as the size of the spheres decreases.
(d) The shape of the unit cell and the CC pattern are imposed by the shape of the fabric

cell and its pattern, at least within the limits of our experiments (polyester fiber
diameter of tens of micrometers, fabric openings between 300 and 1000 µm).

(e) The quality of the obtained grids depends on the hydrophilicity of the fabric. Less
hydrophilic fabrics obtain better results.

(f) The self-assembly phenomenon using fabric is less sensitive to external parameters,
such as ambient pressure, temperature, humidity, or minor vibrations or shocks.

(g) The structure of the grids and the ordering quality of the sub-micron spheres do not
change with the variation in a wide band of liquid volatility. Experiments performed
in which the liquid-medium volatility (evaporation rate) was extremely low (RH
~99%) or very fast (evaporation inside the oven, T = 30–80 ◦C, RH < 10%) did not show
changes in the ordering quality of the sub-micron spheres, although the evaporation
time of the same volume of colloidal solution varied between several days and a
few minutes.

The unit cells could be described by means of three basic components:

(a) Triangular prisms (Figure 3a), which can be straight or curved in 2D, depending on
the shape of the fabric opening.

(b) Knots (Figure 3c), whose shape also depends on the structure of the fabric and the
number and thickness of fibers that intersect at each node of the fabric. Although
spheres are tightly packed in the volume of these structures, the surface layers are
often disordered. The cause could be the “late evaporation” [61,62] of the solvent, but
as long as ordered surfaces are sometimes obtained, there is the possibility that this
phenomenon can be controlled.

(c) The interior of the unit cells has an almost flat bottom (Figure 3d) and consists mainly
of a monolayer of tightly packed spheres with an empty space of a few tens of microm-
eters, in the center (Figure 3e). The degree of ordering is good enough (Figure 3f) that
the spheres form a polycrystalline structure, each mono-crystalline domain having
several tens of micrometers in size, large and packed enough to produce the Bragg
light diffraction phenomenon. However, bilayers zones, amorphous regions, and
packing defects are often found. Remarkably, no crack was observed at any level.

(d) The quantification of the order quality was done through the parameter “range order,
RO”, defined by us and published in a previous paper as “the result of multiplication
between the mean area of a perfect domain and the number of nanospheres that it
contains” [63]. By analyzing the SEM images of our patterned colloidal crystals, we
measured some values of the range-order parameter (Table 1).
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Table 1. Quantification of the order quality of self-assembly of sub-micron spheres.

RO [mm2]

Structure PS (0.15 µm) PS (0.30 µm) PS (0.488 µm) SiO2 (0.245 µm)
Prisms 13.0 3.0 2.0 6.0
Knots ~0 ~0 ~0 ~0

The interior of
the unit cell 6.0 2.0 1.0 3.0

These were the three structural components we encountered each time, no matter
what fabric, spheres, solvent, or substrate we used. Thus, we have colloidal crystals
shaped as triangular prisms, somehow curved truncated pyramids (knots), and cavities,
which present large areas of slightly concave surface. However, an increase in shaping
complexity could be achieved by performing some specific experiments. The simplest
one is to use colloidal solutions with high concentration. If by using colloidal solutions
with concentrations of 3–5%, the structures mentioned above are obtained (shown for
comparison in Figure 4a), then by using concentrations higher than 10–20%, the solid
structures self-organized using fabric and change their shape. Although they retain the
organization imposed by the fabric, the solid walls are no longer prismatic but take on the
shape of the fibers that make up the fabric (Figure 4b), a kind of negative shape of the fibers.
The fabric film becomes a mold. The monolayers inside each cell become multilayered, and
the central area, empty of spheres, is completely covered.

Unfortunately, the degree of ordering decreases sharply, and future experiments
would be needed to find the conditions under which we can keep both the ordering of the
spheres and the shapes induced by the fibers.

A second approach by which we can change the shape of self-organized structures
is to unfold the fabric itself into a new dimension. The normal fabric (50 µm in thickness)
that is usually stuck to the substrate (schematic in Figure 4c) has been wavy by rolling a
parallel metallic wire of 100 µm in diameter onto the substrate, followed by a second wire,
which was rolled onto the sample after the colloid and fabric were deposited (Figure 4d).

107



Polymers 2021, 13, 4081

The distance between two consecutive parallel metallic wires was of 2 mm, whether they
are above or below the fabric. Thus, a variable distance between fabric and the substrate
is obtained. In this case, the self-assembled structure keeps the grid pattern (Figure 4e),
but the prisms no longer form. Instead, semi-cylindrical walls border each unit. The
wall diameter reaches 100 µm (Figure 4f), and their surfaces present a high quality of
nanosphere ordering.
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A third viable strategy by which we can change the shape of self-organized structures
is to take advantage of a method characteristic, namely that multiple deposition can be
performed in a sequential manner as long as the previous structure is not dislocated or
dissolved. Thus, multi-layered structures can be achieved. As an example, if we first
deposit a 20 µm microsphere suspension, although it is at the maximum limit of the size
of the spheres that can still be organized (Figure 4g), after evaporation of the solvent, a
quantity of colloidal solution containing much smaller spheres can be applied—in our
case, 0.15 µm PS spheres (Figure 4h)—which begin to conformally deposit over the prisms
composed of large spheres (Figure 4i), forming a coating with a ridge on their surface with
1D spheres on its upper edge (Figure 4j).

We present three possible applications of patterned colloidal crystals formed by self-
assembly and guided by a fabric, although the actual number of applications is probably
much higher.

As we mentioned before, Bragg diffraction of light is a common phenomenon in
colloidal crystals. Usually, the quality of such colloidal crystals is given by the height and
narrowness of the reflection bands or by the depth and narrowness of the transmission
bands. The number of features and their position are imposed, on the one hand, on the
sphere’s nature and size, and on the other hand, on the sphere’s packing. The most impor-
tant part of the self-assembly method forms a hexagonal close-packed (hcp) monolayer,
and thicker film can be seen as stacks of this single-layer. There are three ways of stacking
the layers: hexagonal, cubic-centered face (cfc), and double hexagonal [64]. Each method
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presents distinct features in reflected or transmitted light. UV-vis. spectrometry measure-
ments performed on our samples show the existence of three dips in transmitted light
(Figure 5a).
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The dips are placed at: λEXP = 620 nm; 510 nm; and 390 nm. First, we must remark on
the absence of the most important dip corresponding to 3D CCs with a cfc packing. The
Bragg light diffraction on its (111) planes [65] it should have generated a minimum placed
at 1172 nm, and in the case of polystyrene spheres, 488 nm. Second, the transmission bands
from Figure 5a fit very well with the band gap’s positions found by other authors [66,67]
when they studied Bragg light diffraction on a polystyrene hexagonal close-packed sphere
as a monolayer. They showed that dips in the transmission spectra arise at the spectral
positions where parameter Z =

√
3d

2λ satisfies condition Z = 0.71; 0.85; 1.00; 1.34, or 1.55 [66],
where λ is the dip position and d is the sphere diameter. Verifying our wavelength positions
for a 488 nm polystyrene sphere, we found, for Z, the next values: Z = 0.68; 0.85; 1.08. All
of these, as well as the profilometry image from Figure 5d, suggest that inside of each unit
cell of the patterned CCs, a single layer of sub-micron spheres is formed. The difference
between the theoretical values and experimental values can be attributed to the stacking
faults and to the mixture of single layers with double layers in some proportion. Because
an identical spectrum was obtained on the samples produced by spin coating where no
prism was present (not seen at SEM images), we can conclude that the role of triangular
prisms is absent or minor in Bragg diffraction of light on our patterned CCs.

An important property of CCs is their negative refractive index, which induces left-
handed behavior of the diffracted light [68]. Because accurate measurements of this
phenomenon can be performed only through a special optical experimental setup, in its
absence, we resorted to simple photos, which can be seen in Figure 5b (the white light
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dispersion when, it passes through a patterned CC, forms 488 nm PS spheres onto a flat
substrate on microscope glass slide). We also used rough geometrical measurements
(angles at which a spot from the sample changes its color from dark blue to light red).
The incident angle was higher than 20◦. Thus, we measured an angular dispersion of
around 6 nm/degree. However, the samples synthesized by spin coating showed the same
phenomenon and the same angular dispersion value; thus, with the super-prism effect,
we cannot assign an influence of the triangular prisms. Even so, accurate measurements
and/or an intelligent designed experimental setup might evidence their possible properties
of light manipulation, such as waveguides, for example.

The super-prism effect could also be seen in our patterned colloidal crystals formed
onto a curved substrate (glass cylinder) (Figure 5c). The self-assembly of sub-micron
spheres onto curved substrates is a great challenge [69]. However, we found that this is
possible if the fabric is highly elastic (a sheet of women’s stocking, for example). We found
that even by using a normal polyester fabric sheet rolled onto a curved substrate, grids
and prisms formed; the sphere single layers became completely disordered but kept their
ordering if the fabric sheet makes a tight contact with the curved substrate.

A second application of the sub-micron sphere grid that generates some interesting
results is its use as a lithographic mask. As mentioned in the introduction, arrays of
nanometric structures can be obtained by using the interstice between the solid spheres by
chemical etching or by depositing various materials from the vapor phase. A close-packed
colloidal assembly usually forms an array of triangular-shaped structures below the single
layer or a hexagonal array of a quasi-hexagonal nanodots in the double-layer case [13].
We present, for the first time, what results if a 3D prismatic opal is used as template for
colloidal lithography. In fact, the sample used for close viewing under SEM (Figure 5d,e),
the surface on which a thin gold film was deposited by sputtering, was calcinated for
PS sub-micron-sphere removal and reanalyzed by SEM. Somewhat surprisingly, after
calcination, a shaded material structure could be seen in the SEM images (Figure 5d), which
seems to reproduce the triangular prisms from Figure 3. We assume that this shadow is
induced by the difference in dot surface density generated by the angle at which the gold
source irradiates the sample (60◦ relative to the substrate) [70]. If the irradiation angle is
different from 90◦, the Au atoms will first hit the nearest colloidal prism surface, depositing
a higher Au density than in the zone of the opposite surface. Upon closer inspection, we
can see a hexagonal array of slightly ellipsoidal gold dots (non-circular shape could be also
an argument of angle deposition effect), each one of them surrounded by a few smaller
satellites, and so on, in a fractal-like organization (Figure 5e inset). By using PS sub-micron
spheres of 488 nm in diameter (14 nm standard deviation) as a mask, the mean sizes of Au
dots measured from SEM images (100 measurements) were of 126 nm for the first-order
dots (26 nm standard deviation) and 50 nm (10 nm standard deviation) for the second-order
dots (satellites). AFM investigations (Figure 5f) reveal a height of around 50 nm of the
first-order gold dots. The intriguing question (for which we have no answer) is how the
gold vapors penetrated so many sub-micron-sphere layers (more than six) to fix and form
Au dots at the bottom of and in the central part of the prisms.

The third application of our colloidal crystal is using it as a template for the synthesis
of inverted opal structures. By infiltrating a 25 wt.% Na2SiO3 water-based solution in
the patterned colloidal crystal obtained by using a fabric and drying and calcinating it at
400 ◦C, we obtained an inverted replica of the initial patterned colloidal crystal (Figure 5g,h).
However, the most important finding was to obtain a skin-free structure during solution
infiltration because helping techniques such as microtome cutting or etching processes do
not work to remove the overlayer deposited onto the colloid prism’s surface. The quality of
our inverted opals must be further improved (we are still working at this), and interesting
applications of such shaped crystals must be imagined. The most important quality of
a triangular-prism-shaped material is its capacity to disperse an incident-coherent beam
in many more secondary, angular-dependent, refracted beams when the beam interacts
with the non-parallel surfaces of the prism. For non-optical phenomena, such as atoms,
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molecules, or nano-objects flowing through the prism, the different distances that they
cross between the two non-parallel walls can create inhomogeneities, anisotropies, or
useful gradients after their exit from the prism. The triangular shape of colloidal prisms
can be used for improving some parameters of applications that are already used for the
“microprism array” key concept. Thus, they might be used for directional transmission of
light [71] or for improving the efficiency of solar cells [72]. Interesting fields of application
might be opto-fluidics [73] and micro-fluidics [74] if the triangular prisms are fabricated
as inverted opals, as wave guiding 1D structures [75], if they could be fabricated in the
nanometric domain or as cell and tissue scaffolds [76], or if they could be fabricated in the
millimetric domain.

However, this work is a proof of concept. We prefer to suggest a number of interesting
future applications rather than to systematically investigate a single one of them. We
consider it a huge challenge to correlate the fabric architecture with experimental setup
parameters and final properties of the patterned colloidal crystals and to predict the
colloidal-crystal unit shape and the packing structure of the sub-micron spheres in each
unit. The third dimension of colloidal crystals must be conquest!

At the end of this paper, we will try to briefly show how these triangular prisms may
form. The mathematics and physics behind this apparently simple phenomenon are of a
high complexity, many of the specific equations requiring numerical simulations. Therefore,
first of all, we consider that fabric-guided self-assembly takes place on modified-relief
patterned surfaces. On such surfaces, the capillary forces, which act for sub-micron spheres
confinement, are the result of interplay between the hydrophobicity of substrate and fabric
fibers. The adhesion force between water and fibers or substrate is much higher than the
cohesion force between water molecules. During solvent evaporation, water from the
center of each unit cell will be moved closer to each fiber, thus leaving an empty space in
the center of each cell. When only a small part of the initial colloid solution remains in
the system, the liquid bridges that form between the substrate and fiber surfaces impose
the shape of the final solid deposits. A water droplet that rests on a flat substrate and one
that hangs on a fiber can take (in conditions close to ours) the shape shown in Figure 6a. A
droplet that simultaneously wets two close, flat, parallel, and chemically similar substrates
takes the shape shown in Figure 6b. If the substrates present dissimilar wetting properties,
the liquid-bridge shape changes, as in Figure 6c. Thus, the shape of the colloid liquid bridge
between the substrate and the polymer fibers of the fabric could look like Figure 6d. In this
case, the dynamics of the liquid bridge shape during evaporation could be close to those in
Figure 6e. The capillary forces that appear at the interface between the liquid and the two
solid bodies, polyester fiber and glass substrate, which have different wettability properties,
have different orientations and sizes so that their result generates a volume of liquid in
the shape of a laterally elongated clepsydra. As the solvent evaporates, the liquid retains
its shape and, decreasing in volume, confines more and more the sub-micron spheres
into a colloidal crystal in the shape of a double triangular prism (Figure 6e). Second, the
extremely thin neck of the clepsydra can have the thickness of a single sphere so that when
the fabric is removed, even if the formed crystal adheres to the fabric, this neck becomes the
ideal cleavage line. Thus, the remaining part on the substrate keeps its integrity (Figure 6e).
This hypothesis is suggested by SEM images in which we can see a very similar prismatic
colloidal crystal (Figure 6g) on some fiber surfaces very similar to that formed on the
substrate (Figure 6f). These observations could give us some ideas about the complexity
of the self-assembly phenomenon, the complexity of which we could use to make shaped
colloidal crystals.
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The current methods of colloidal-crystal synthesis [30,35–38] work only with a sin-
gle solid/liquid/gas interface (Figure 6h) and offer only flat or convex crystals. Trian-
gular prisms are often produced when the “capillary-bridge-mediated-assembly” phe-
nomenon/technique is used [57–59]. It is worth noting that in this architecture, two
solid/liquid/gas interfaces are involved (Figure 6i). They induce the formation of a hori-
zontal liquid bridge parallel with the substrate. By using a fabric sheet, we also have two
solid/liquid/gas interfaces (Figure 6j). However, this time, the liquid bridge is in a vertical
position, normal to the substrate. We can see that the liquid bridges between two (and why
not more than two?) solids can offer complex shapes where capillary forces can lead to the
proper self-assembly of colloids in complex three-dimensional shaped colloidal crystals.

4. Conclusions

Patterned colloidal crystals (PCCs) on smooth, flat, and few cm2 wide hydrophilic
substrates can be obtained by using a polyester fabric for guiding the self-assembly of
colloidal sub-micron polystyrene (or silica) and even much larger (20 µm) PS spheres.
Curved-substrate (such as cylindrical ones) deposition of PCCs was also achieved, espe-
cially when using an elastic fabric. This robust method for PCC synthesis is inexpensive
and less sensitive to external parameters.

The unit cells of the patterned colloidal crystal have a concave shape, consisting of
prisms (or elongated structures as negative-replica of the fabric fibers at higher sphere
concentration and even flatted, donut-shaped structures when folded fabrics were em-
ployed) at their borders and deposits corresponding to the fabric knots at their intersections,
whereas mainly monolayers of sub-micron spheres close-packed in a hexagonal array occu-
pied most of their interior zones.

The mechanisms responsible for the formation of the border structures of the PCC
unit cells imply the concentration of spheres in three-dimensional vertically liquid bridges
formed between polyester fibers and hydrophilic substrate and their subsequent compact-
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ing during liquid evaporation, followed by tissue detachment from the upper part of the
deposit after drying.

Patterned colloidal crystals present interesting optical properties that can be visually
observed, such as negative refraction and the super-prism effect with an angular dispersion
of ~5 nm/degree, an effect also observed for similar PCCs deposited onto cylindrical
surfaces. We used the PCCs prisms as lithographic masks and obtained hierarchically
assemblies of gold nanodots after sputtering and calcination. Furthermore, they were
employed as templates for shaped inverted opals (IO) synthesized from PS sphere PCCs
infiltrated with sodium silicate solutions, dried, and calcined, which preserved the main
components if the initial opals (prisms, knots, and inner zones).
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2010, 97, 051104. [CrossRef]
22. Pullar, R.C.; Novais, R.M. Ecoceramics. Cork-based biomimetic ceramic 3-DOM foams. Mater. Today 2017, 20, 45–46. [CrossRef]
23. Liu, Y.; Guo, R.; Duan, C.; Wu, G.; Miao, Y.; Gu, J.; Pan, W. Removal of gaseous pollutants by using 3DOM-based catalysts:

A review. Chemosphere 2021, 262, 127886. [CrossRef]
24. Zhai, G.; Wang, J.; Chen, Z.; Yang, S.; Men, Y. Highly enhanced soot oxidation activity over 3DOM Co3O4-CeO2 catalysts by

synergistic promoting effect. J. Hazard. Mater. 2019, 363, 214–226. [CrossRef] [PubMed]
25. Reculusa, S.; Agricole, B.; Derré, A.; Couzi, M.; Sellier, E.; Delhaès, P.; Ravaine, S. Colloidal Crystals as Templates for Macroporous

Carbon Electrodes of Controlled Thickness. Electroanalysis 2007, 19, 379–384. [CrossRef]
26. Yu, B.; Song, Q.; Cong, H.; Xu, X.; Han, D.; Geng, Z.; Zhang, X.; Usman, M. A smart thermo- and pH-responsive microfiltration

membrane based on three-dimensional inverse colloidal crystals. Sci. Rep. 2017, 7, 12112. [CrossRef] [PubMed]
27. Pan, T.; Wu, Z.; Yip, A.C.K. Advances in the Green Synthesis of Microporous and Hierarchical Zeolites: A Short Review. Catalysts

2019, 9, 274. [CrossRef]
28. Song, L.; Zhang, J.; Sun, L.; Xu, F.; Li, F.; Zhang, H.; Si, X.; Jiao, C.; Li, Z.; Liu, S.; et al. Mesoporous metal–organic frameworks:

Design and applications. Energy Environ. Sci. 2012, 5, 7508–7520. [CrossRef]
29. Pham, Q.N.; Barako, M.T.; Tice, J.; Won, Y. Microscale Liquid Transport in Polycrystalline Inverse Opals across Grain Boundaries.

Sci. Rep. 2017, 7, 10465. [CrossRef]
30. Cong, H.; Yu, B.; Tang, J.; Li, Z.; Liua, X. Current status and future developments in preparation and application of colloidal

crystals. Chem. Soc. Rev. 2013, 42, 7774–7800. [CrossRef]
31. Bertone, J.F.; Jiang, P.; Hwang, K.S.; Mittleman, D.M.; Colvin, V.L. Thickness Dependence of the Optical Properties of Ordered

Silica-Air and Air-Polymer Photonic Crystals. Phys. Rev. Lett. 1999, 83, 300–303. [CrossRef]
32. Dziomkina, N.V.; Vancso, G.J. Colloidal crystal assembly on topologically patterned templates. Soft Matter. 2005, 1, 265–279.

[CrossRef]
33. Dziomkina, N.V.; Hempenius, M.A.; Vancso, J.G. Symmetry Control of Polymer Colloidal Monolayers and Crystals by Elec-

trophoretic Deposition on Patterned Surfaces. Adv. Mater. 2005, 17, 237–240. [CrossRef]
34. Braun, P.V.; Zehner, R.W.; White, C.A.; Weldon, M.K.; Kloc, C.; Patel, S.S.; Wiltzius, P. Optical spectroscopy of high dielectric

contrast 3D photonic crystals. Europhys. Lett. 2001, 56, 207–213. [CrossRef]
35. Wang, J.; Mbah, C.F.; Przybilla, T.; Zubiri, B.A.; Spiecker, E.; Engel, M.; Vogel, N. Magic number colloidal clusters as minimum

free energy structures. Nat. Commun. 2018, 9, 5259. [CrossRef]
36. Choi, H.K.; Yang, Y.J.; Park, O.O. Hemispherical Arrays of Colloidal Crystals Fabricated by Transfer Printing. Langmuir

2014, 30, 103–109. [CrossRef]
37. Haibin, N.; Ming, W.; Wei, C. Sol-gel co-assembly of hollow cylindrical inverse opals and inverse opal columns. Opt. Express

2011, 19, 25900–25910. [CrossRef] [PubMed]
38. Sandu, I.; Fleacă, C.T.; Dumitrache, F.; Sava, B.; Urzică, I.; Dumitru, M. From thin “coffee rings” to thick colloidal crystals, through

drop spreading inhibition by the substrate edge. Appl. Phys. A 2021, 127, 325. [CrossRef]
39. Zhao, Y.; Shang, L.; Cheng, Y.; Gu, Z. Spherical Colloidal Photonic Crystals. Acc. Chem. Res. 2014, 47, 3632–3642. [CrossRef]

[PubMed]
40. Wang, J.; Zhu, J. Recent advances in spherical photonic crystals: Generation and applications in optics. Eur. Polym. J.

2013, 49, 3420–3433. [CrossRef]
41. Kohoutek, T.; Parchine, M.; Bardosova, M.; Pemble, M.E. Controlled self-assembly of Langmuir-Blodgett colloidal crystal films of

monodispersed silica particles on non-planar substrates. Colloids Surf. A Physicochem. Eng. Asp. 2020, 593, 124625. [CrossRef]
42. Choi, D.-G.; Yu, H.K.; Jang, S.G.; Yang, S.-M. Colloidal Lithographic Nanopatterning via Reactive Ion Etching. J. Am. Chem. Soc.

2004, 126, 7019–7025. [CrossRef]
43. Ding, T.; Luo, L.; Wang, H.; Chen, L.; Liang, K.; Clays, K.; Song, K.; Yang, G.; Tung, C.-H. Patterning and pixelation of colloidal

photonic crystals for addressable integrated photonics. J. Mater. Chem. 2011, 21, 11330–11334. [CrossRef]

114



Polymers 2021, 13, 4081

44. Yao, J.; Yan, X.; Lu, G.; Zhang, K.; Chen, X.; Jiang, L.; Yang, B. Patterning colloidal crystals by lift-up soft lithography. Adv. Mater.
2004, 16, 81–84. [CrossRef]

45. Fustin, C.-A.; Glasser, G.; Spiess, H.W.; Jonas, U. Parameters influencing the templated growth of colloidal crystals on chemically
patterned surfaces. Langmuir 2004, 20, 9114–9123. [CrossRef]

46. Choi, W.; Park, O. Micropatterns of colloidal assembly on chemically patterned surface. Colloids Surf. A Physicochem. Eng. Asp.
2006, 277, 131–135. [CrossRef]

47. Ng, E.C.H.; Chin, K.M.; Wong, C.C. Controlling Inplane Orientation of a Monolayer Colloidal Crystal by Meniscus Pinning.
Langmuir 2011, 27, 2244–2249. [CrossRef]

48. Coll, A.; Bermejo, S.; Hernández, D.; Castaner, L. Colloidal crystals by electrospraying polystyrene nanofluids. Nanoscale Res. Lett.
2013, 8, 26. [CrossRef] [PubMed]

49. Nam, H.; Song, K.; Ha, D.; Kim, T. Inkjet Printing Based Mono-layered Photonic Crystal Patterning for Anti-counterfeiting
Structural Colors. Sci. Rep. 2016, 6, 30885. [CrossRef] [PubMed]

50. Yi, D.K.; Kim, M.J.; Kim, D.-Y. Surface Relief Grating Induced Colloidal Crystal Structures. Langmuir 2002, 18, 2019–2023.
[CrossRef]

51. Míguez, H.; Yang, S.M.; Ozin, G.A. Optical Properties of Colloidal Photonic Crystals Confined in Rectangular Microchannels.
Langmuir 2003, 19, 3479–3485. [CrossRef]

52. Velev, O.D.; Lenhoff, A.M.; Kaler, E.W. A class of microstructured particles through colloidal crystallization. Science
2000, 287, 2240–2243. [CrossRef]

53. Fenollosa, R.; Rubio, S.; Meseguer, F.; Sanchez-Dehesa, J. Photonic crystal microprisms obtained by carving artificial opals. J. Appl.
Phys. 2003, 93, 671–674. [CrossRef]

54. Matsuo, S.; Fujine, T.; Fukuda, K.; Juodkazis, S.; Misawa, H. Formation of free-standing micropyramidal colloidal crystals grown
on silicon substrate. Appl. Phys. Lett. 2003, 82, 4283. [CrossRef]

55. Kaynak, H.K.; Babaarslan, O. Polyester Microfilament Woven Fabrics, Woven Fabrics; Jeon, H.-Y., Ed.; IntechOpen: London, UK, 2012.
[CrossRef]

56. Grishanov, S.; Meshkov, V.; Omelchenko, A. A Topological Study of Textile Structures. Part I: An Introduction to Topological
Methods. Text. Res. J. 2009, 79, 702–713. [CrossRef]

57. Yan, C.; Su, B.; Shi, Y.; Jiang, L. Liquid bridge induced assembly (LBIA) strategy: Controllable one-dimensional patterning from
small molecules to macromolecules and nanomaterials. Nano Today 2019, 25, 13–26. [CrossRef]

58. Jiang, X.; Feng, J.; Huang, L.; Wu, Y.; Su, B.; Yang, W.; Mai, L.; Jiang, L. Bioinspired 1D Superparamagnetic Magnetite Arrays with
Magnetic Field Perception. Adv. Mater. 2016, 28, 6952–6958. [CrossRef] [PubMed]

59. Su, B.; Zhang, C.; Chen, S.; Zhang, X.; Chen, L.; Wu, Y.; Nie, Y.; Kan, X.; Song, Y.; Jiang, L. A General Strategy for Assembling
Nanoparticles in One Dimension. Adv. Mater. 2014, 26, 2501–2507. [CrossRef]

60. Sun, J.; Bhushan, B.; Tong, J. Structural coloration in nature. RSC Adv. 2013, 3, 14862–14889. [CrossRef]
61. Deegan, R.D.; Bakajin, O.; Dupont, T.; Huber, G.; Nagel, S.R.; Witten, T.A. Capillary flow as the cause of ring stains from dried

liquid drops. Nature 1997, 389, 827–829. [CrossRef]
62. Li, Y.; Yang, Q.; Li, M.; Song, Y. Rate-dependent interface capture beyond the coffee-ring effect. Sci. Rep. 2016, 6, 24628. [CrossRef]
63. Sandu, I.; Dumitru, M.; Fleaca, C.T.; Dumitrache, F. Hanging colloidal drop: A new photonic crystal synthesis route. Photonics

Nanostruct. 2018, 29, 42–48. [CrossRef]
64. Checoury, X.; Enoch, S.; López, C.; Blanco, A. Stacking patterns in self-assembly opal photonic crystals. Appl. Phys. Lett.

2007, 90, 161131. [CrossRef]
65. Rybin, M.V.; Samusev, K.B.; Limonov, M.F. High Miller-index photonic bands in synthetic opals. Photonics Nanostruct.

2007, 5, 119–124. [CrossRef]
66. Nguyen, T.V.; Pham, L.T.; Bui, K.X.; Nghiem, L.H.T.; Nguyen, N.T.; Vu, D.; Do, H.Q.; Vu, L.D.; Nguyen, H.M. Size Determination

of Polystyrene Sub-Microspheres Using Transmission Spectroscopy. Appl. Sci. 2020, 10, 5232. [CrossRef]
67. Kurokawa, Y.; Miyazaki, H.; Jimba, Y. Light scattering from a monolayer of periodically arrayed dielectric spheres on dielectric

substrates. Phys. Rev. B 2002, 65, 201102. [CrossRef]
68. Prasad, T.; Colvin, V.; Mittleman, D. Superprism phenomenon in three-dimensional macroporous polymer photonic crystals.

Phys. Rev. B 2003, 67, 165103. [CrossRef]
69. Meng, G.; Paulose, J.; Nelson, D.R.; Manoharan, V.N. Elastic instability of a crystal growing on a curved surface. Science

2014, 343, 634–637. [CrossRef]
70. Ai, B.; Zhao, Y. Glancing angle deposition meets colloidal lithography: A new evolution in the design of nanostructures.

Nanophotonics 2019, 8, 1–26. [CrossRef]
71. Lee, H.; Heo, S.G.; Bae, Y.; Lee, H.; Kim, J.; Yoon, H. Multiple guidance of light using asymmetric micro prism arrays for privacy

protection of device displays. Opt. Express 2021, 29, 2884–2892. [CrossRef]
72. Kim, Y.-C.; Heo, Y.-J.; Lee, S.K.; Jung, Y.-S.; Jeong, H.-J.; Kim, S.-T.; Yoo, J.-S.; Kim, D.-Y.; Jang, J.-H. Improved light absorption in

perovskite solar module employing nanostructured micro-prism array. Sol. Energy Mater. Sol. Cells 2021, 226, 111077. [CrossRef]
73. Park, D.S.; Young, B.M.; You, B.; Singh, V.; Soper, S.A.; Murphy, M.C.; An, A. An Integrated, Optofluidic System With Aligned

Optical Waveguides, Microlenses, and Coupling Prisms for Fluorescence Sensing. J. Microelectromec. Syst. 2020, 29, 600–609.
[CrossRef]

115



Polymers 2021, 13, 4081

74. Lu, C.; Xu, J.; Han, J.; Li, X.; Xue, N.; Li, J.; Wu, W.; Sun, X.; Wang, Y.; Ouyang, Q.; et al. A novel microfluidic device integrating
focus-separation speed reduction design and trap arrays for high-throughput capture of circulating tumor cells. Lab Chip
2020, 20, 4094–4105. [CrossRef] [PubMed]

75. Chen, L.; Su, B.; Jiang, L. Recent advances in one-dimensional assembly of nanoparticles. Chem. Soc. Rev. 2019, 48, 8–21.
[CrossRef] [PubMed]

76. Jiang, Z.; Zhang, K.; Du, L.; Cheng, Z.; Zhang, T.; Ding, J.; Li, W.; Xu, B.; Zhu, M. Construction of chitosan scaffolds with
controllable microchannel for tissue engineering and regenerative medicine. Mater. Sci. Eng. C 2021, 126, 11217. [CrossRef]
[PubMed]

116



polymers

Article

Effect of Silicone Inlaid Materials on Reinforcing Compressive
Strength of Weft-Knitted Spacer Fabric for Cushioning Applications

Annie Yu * , Sachiko Sukigara and Miwa Shirakihara

Citation: Yu, A.; Sukigara, S.;

Shirakihara, M. Effect of Silicone

Inlaid Materials on Reinforcing

Compressive Strength of

Weft-Knitted Spacer Fabric for

Cushioning Applications. Polymers

2021, 13, 3645. https://doi.org/

10.3390/polym13213645

Academic Editor:

Muhammad Tayyab Noman

Received: 5 October 2021

Accepted: 21 October 2021

Published: 22 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Faculty of Fiber Science and Engineering, Kyoto Institute of Technology, Matsugasaki, Sakyo-ku,
Kyoto 606-8585, Japan; sukigara@kit.ac.jp (S.S.); m0651009@edu.kit.ac.jp (M.S.)
* Correspondence: annieyu@kit.ac.jp; Tel.: +81-75-724-7230

Abstract: Spacer fabrics are commonly used as cushioning materials. They can be reinforced by
using a knitting method to inlay materials into the connective layer which reinforces the structure
of the fabric. The compression properties of three samples that were fabricated by inlaying three
different types of silicone-based elastic tubes and one sample without inlaid material have been
investigated. The mechanical properties of the elastic tubes were evaluated and their relationship to
the compression properties of the inlaid spacer fabrics was analysed. The compression behaviour
of the spacer fabrics at an initial compressive strain of 10% is not affected by the presence of the
inlaid tubes. The Young’s modulus of the inlaid tubes shows a correlation with fabric compression.
Amongst the inlaid fabric samples, the spacer fabric inlaid with highly elastic silicone foam tubes can
absorb more compression energy, while that inlaid with silicone tubes of higher tensile strength has
higher compressive stiffness.

Keywords: weft-knitted spacer fabric; cushioning; compression; tensile strength; silicone inlay;
sandwich textile structure

1. Introduction

Cushioning materials can be found in many different types of apparel and wearable
items that provide shock absorption and wearer protection. Traditionally, polymeric
foams are used in insoles, bra cups, and protective apparel to deliver the cushioning
function [1–3]. Recently, spacer fabrics which are weft or warp knitted have been used
as an alternative to foam materials. They are now a viable option because they have a
unique three-dimensional (3D) knitted structure and provide the products with higher
air and water vapour permeabilities and breathability [4–8]. Spacer fabrics can also be
readily found in daily life items, such as in shoes, chairs, car seats, carpets, mattresses,
backpacks, etc. [9].

Compression behaviour is an important criterion for determining whether or not
a material can offer suitable cushioning functions and hand feel for different end-uses.
In terms of polymeric foam, the compression properties can be controlled by varying
the composition and the density to accommodate various applications [10,11]. Spacer
fabric consists of two surface layers that are connected by spacer yarns which form a
connective layer. Variations in any component of spacer fabric can affect its mechanical
properties and wear comfort. The compression properties of spacer fabrics have often
been studied. The elasticity of yarns used in the surface layer is one of the factors that
contributes to the compression properties [12–14]. The compression properties of weft-
knitted spacer fabric have been found to be affected by the number of tuck stitches in the
surface layers [15]. However, it has also been shown that the compression properties of
spacer fabric are related to the connective layer [16–18]. Monofilament and multifilament
yarns are commonly used as spacer yarns and can impart entirely different properties to
the fabric [19–21]. The thickness, composition, connecting distance, inclination angle, and
pattern of the spacer yarns can be used to control the thickness and compressive stiffness
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of the spacer fabric [22–24]. The previous studies related to compression behaviour of
spacer fabrics mainly focus on the structural properties. However, it can be challenging to
produce a thin fabric with high compression strength and high energy absorption when
using a conventional spacer fabric structure. A spacer fabric that is thin enough for use as
insoles or protective garments (less than 1 cm in thickness) could easily collapse from stress
produced by the human body [25]. However, if a more compact connective layer is used,
the spacer fabric becomes heavy and stiff, thus reducing its cushioning ability. Hamedi
et al., proposed the use of nickel–titanium alloy wires as the spacer yarn [26]. The spacer
fabric shows an improvement on the compression energy absorption; however, the cost
of the fabric is also largely increased. Moreover, investigation in applying materials other
than polyester or polyamide filament yarns in the connective layer of the spacer fabric is
still limited.

In this study, a composite structure that consists of additional silicone-based materials
was investigated so as to enhance the cushioning properties of spacer fabric. A novel
sandwich structure with inlaid silicone tubes in the connective layer of spacer fabric has
previously been developed [27]. Silicone is a synthetic polymer with a silicon–oxygen
main chain [28]. Silicone is flexible, flame retardant, and relatively inert. Silicone inlaid
tubes offer extra support to reinforce the spacer structure so that the fabric can withstand
pre-stress from the body during application without the flexibility and energy absorption
properties being sacrificed. In order to further investigate the effect of inlaid materials on
the properties of spacer fabric, samples made with three different kinds of silicone-based
tubular materials were fabricated and evaluated. The main purpose was to understand
the relationship between the mechanical properties of the inlaid tubular materials and
the compression properties of spacer fabric. The findings can contribute to furthering the
development of sandwich structured textile materials and enhance wearable cushioning
products. The inlaid materials can become a new parameter in adjusting the compression
and cushioning properties of knitted spacer fabrics which allows the fabric to provide the
desired energy absorption ability for various end-uses.

2. Materials and Methodology
2.1. Materials

The yarns for knitting the surface layers of the spacer fabric samples included 450D
3-ply 100% polyester drawn textured yarn (LS 1/20, Amossa, Osaka, Japan) and 140D
spandex yarn (Heng Jing Limit, Jiangsu, China). The spacer yarn was 100% polyester
monofilaments with a diameter of 0.12 mm (Nantong Ntec Monofilament Technology Co.,
Ltd., Nantong, China). Three types of silicone-based tubular materials, including silicone
foam rods, silicone rods, and silicone hollow tubes (Yuema, Shanghai, China) were inlaid
in the connective layer of the spacer fabrics, as listed in Table 1. The three types of inlay
materials have a similar thickness but a different linear density. T1, which incorporates
silicone foam as the tubular material, is relatively light in weight. The good elasticity and
low density of silicone foams make it suitable to be used in challenging application such as
shock absorbers, wound dressings, and joint sealants [29,30]. T2 and T3 both incorporate
silicone rubber. Silicone rubbers can be made into tubes, hose, gaskets, and seals [31]. T2
incorporate silicone in a solid rod form, while T3 is a hollow tube form.
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Table 1. Details of the three tubular samples.

Type Diameter (mm) Weight (g/m) Longitudinal View Cross-Sectional View

T1 Silicone foam rod 1.23 0.8
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distance of 6 needles for all the samples. One course of the spacer fabric consisted of
2 courses of knit stitches on the surface and 6 tuck stitch courses of spacer yarn. Following
a previous study, the tubular materials were inlaid into the connective layer with miss
stitches [27]. Therefore, the tubular materials did not come into contact with the knitting
needles and floated between the front and back needle beds. The inlaid course was carried
out between the tuck courses of spacer yarn and hence the spacer yarns acted as a net to
hold the silicone tubes in place. One course of inlay was inserted in every 4th knitting
course of the spacer fabric (Figure 1). The weight, thickness, and cross-sectional views of
the four fabric samples are shown in Table 2.
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2.3. Evaluation of Mechanical Properties of Inlaid Tubular Materials

Tensile and compression tests were conducted on the three tubular samples by using a
universal testing machine (EZ-S, Shimadzu, Kyoto, Japan). The tensile test was conducted
in accordance with ASTM D2731-15, the standard test method for elastic properties of
elastomeric yarns. The tubular sample was mounted between a pair of jaws (Figure 2a).
The gauge length was set at 50 mm with a pre-tension of 2.55 g. The sample was subjected
to 5 loading and unloading cycles. The sample was extended at a rate of 500 mm/min,
held at the maximum extension limit for 30 s, and returned at a rate of 100 mm/min. The
maximum extension was set at 300% of the gauge length. As T1 and T2 failed to extend to
the 300% strain, 75% of the elongation at first break was used as the maximum extension
instead. Therefore, T1 and T2 were extended up to 202% and 224% of the gauge length,
respectively. The compression test was carried out by using a pair of compression plates.
The sample was mounted onto the centre of the plate at a length of 118 mm. Double-sided
tape was used to hold the sample in place during testing (Figure 2b). The compression
speed was 20 mm/min with a maximum compression displacement of 0.6 mm. The
samples were conditioned under a standard environment (20 ± 2 ◦C, 65 ± 2% relative
humidity) for 24 h before they were tested.
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Figure 2. Setting of (a) tensile test and (b) compression test of the tubular samples.

2.4. Evaluation of Compression Properties of the Spacer Fabrics

A compression test on the fabric samples was carried out by using the same testing
machine along with a pair of compression plates with a diameter of 118 mm. The fabric
samples were prepared with dimensions of 50 mm × 50 mm. The compression rate was
12 mm/min with a maximum compression stress of 60 kPa. Four specimens of each sample
were tested. The compression energy of each sample was calculated as the integral of the
compressive loading (WC) and unloading (WC’). All of the fabric samples were allowed
to relax for one week after released from the knitting machine and stored in a standard
environment (20 ± 2 ◦C, 65 ± 2% relative humidity) before testing. ANOVA was adopted
to analyse the effect of the inlaid materials on the compression strain and compression
energy. A Sidak post hoc test was used to analyse the effect between pairs. The alpha level
was set at 0.05 for statistical significance.
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3. Results and Discussion
3.1. Analysis of the Tensile Properties of the Inlaid Tubular Materials

The plotted loading and unloading curves of the first and the fifth cycles of the tensile
test of the three tubular samples are presented in Figure 3a,b. The force at 100% and 200%
elongation of the tubes at the first and fifth loading cycles and the fifth unloading cycle,
together with the Young’s modulus measured from the first extension loading are shown in
Figure 3c,d. Figure 3e shows the displacement–force curves obtained from the compression
test. The three tubular samples show very different non-linear elastic behaviours. Silicone
foam is a porous viscoelastic polymer foamed from silicone rubbers [32,33]. Silicone foam
has the properties of silicone combined with foam properties, light weight, and good
flexibility [34]. T1 is the most elastic and has the lowest Young’s modulus amongst the
three tubular samples. A relatively small force is required to extend T1 and the loss in
elastic hysteresis is also small. T2 is solid rod form of silicone, has the highest Young’s
modulus, requires the largest force for extension, and shows a large hysteresis, especially
in the first cycle of extension. T3 is hollow tube form of silicone and therefore has a lower
weight and tensile strength than T2. T3 can be extended to the longest length at break.
In comparison to T1, T3 requires a slightly higher force of 0.1 N to extend to a strain of
100% but 0.1 N less to extend to a strain of 200%. T2 has the highest compressive stiffness,
followed by T3, whereas T1 is the softest material and most easily compressed. By inlaying
the three tubular samples which have a different tensile strength, elasticity and stiffness
into the spacer fabric, the effect of the mechanical properties of the inlaid materials on
fabric compression properties can be identified.
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tubular samples.

3.2. Effect of the Inlaid Tubes on the Compression Behaviour of Spacer Fabric

The compression stress–strain curves, fabric strain at a stress of 60 kPa, and the
compression energy of the four fabric samples are shown in Figure 4. At a compressive
strain of 0 to 10%, the compression behaviour of the four fabrics is very similar because
they are constructed with the same surface and connective structures that have the same
materials. The initial stress up to 3.5 kPa compresses the loose surface layers and tightens
the spacer structure. This shows that the initial softness of the spacer fabric is not affected
by the presence of the inlaid tube in the connective layer.
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fabric samples.

When the compression stress is further increased, the monofilament yarns start to
deform and buckle. F0 starts to collapse, thus showing a decrease in the slope of the
stress—strain curve and entering a plateau stage at a stress of 8.5 kPa. In the plateau stage,
the monofilament yarns can no longer hold the connective structure which leads to the
shearing of the fabric layers and rotation of the yarns. The fabric can be easily compressed
with a small increase in stress. FT1, FT2, and FT3 consist of inlaid tubes to give extra
support to the structure and withstand some of the stress applied. As shown in Figure 4a,
the inlaid spacer fabric can withstand a higher compression stress than the one without
inlay. This supports that inlaid yarns decrease the deformation ability of knitted fabrics [35].
The different inlaid tubes have different Young’s moduli and mechanical properties and
thus different compression properties can be found for all three fabrics. FT1 reaches the
plateau stage at 11.1 kPa of compression. The plateau stage of FT1 covers a smaller range of
strain when compared with F0. This is because the inlaid silicone foam rods act as a buffer
to absorb a certain amount of the compression energy applied to the connective layer. On
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the other hand, there is no prominent plateau stage for FT2 and FT3. The inlaid tubes T2
and T3 are relatively stiff and can withstand most of the compression stress that acts on
the connective layer and exceed the energy absorption capacity of the monofilament yarns.
Therefore, the plateau stage that typically appears in the compression curve of spacer fabric
is not shown for FT2 and FT3.

Significant differences (p < 0.05) between the four samples on the fabric strain at a
stress of 60 kPa, WC, and WC’ are found in the results of ANOVA. For the fabric strain at
60 kPa, F0 and F1 show significant difference with all the other samples while there is no
significant difference between F2 and F3. At a stress of 60 kPa, F0 was compressed to the
highest strain of 61%. With the silicone foam rod inlay, the strain at 60 kPa of stress for FT1
decreases by 58%. The fabric structure of FT2 and FT3 is supported by the relatively stiffer
inlaid tubes and hence even smaller strains are shown at a stress of 60 kPa. Moreover, the
spacer fabrics with inlay have a significantly higher WC than conventional spacer fabric
with no inlay. This shows that the inlaid tubes could help to absorb more compression
energy than regular spacer fabric. The inlaid structure can provide better support against
impact forces when used as padding or cushioning materials. Although no significant
difference (p > 0.05) was shown on the WC between the pairwise comparison of the three
spacer fabrics with inlay, FT1 shows a significant difference with FT2 and FT3 on the WC’.
The compression behaviour and the compression energy of the spacer fabric can be affected
by the inlaid material used.

3.3. Relationship between Properties of Inlaid Tubes and Spacer Fabric Properties

The relationship between the elasticity of the inlaid tubes and the compression proper-
ties of the spacer fabric was further investigated. In Figure 5, the logarithmic relationships
between the Young’s modulus of the inlaid tube samples with the WC of the spacer fabric
samples and the fabric strain at a stress of 60 kPa show a high coefficient of determination
(R2 > 0.9). The inlaid tubular materials show a significant effect on the compression be-
haviour of the spacer fabric. Amongst the three types of inlaid spacer fabrics, FT1 shows the
highest WC. By inlaying a softer and higher elastic material such as the silicone foam rods,
the spacer fabric can absorb a larger amount of compression energy. T2 is however heavy
and has high tensile strength. Therefore, FT2 is stiffer than FT1 and FT3, especially when
the compressive strain is above 35%, where the monofilament yarns have buckled and the
inlaid tubes mainly support the fabric against compression forces. The fabric compression
behaviour of FT2 and FT3 is similar. The hollow silicone tube, T3, has a Young’s modulus
and compressive stiffness that ranges between those of T1 and T2. Therefore, FT3 has a
slightly higher WC than FT2. As only three samples are studied, it is difficult to generalise
the results to all the different types of inlay materials and inlaid spacer fabric. However, the
correlation between tensile properties of the silicone foam rod, silicone rod, and silicone
hollow tube used in this study and the corresponding inlaid spacer fabric is observed. The
mechanical properties of the inlaid materials can affect the compression properties of the
inlaid spacer fabric.
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4. Conclusions

The effect of inlaying tubular materials in the connective layer of spacer fabric on
compression reinforcement has been investigated. Three weft-knitted spacer fabric samples
inlaid with different tubular materials and one conventional spacer fabric without inlaid
material as the reference were fabricated. The mechanical properties of the tubular samples
and the compression properties of the fabric samples and the relationship between them
were evaluated. The following conclusions were made based on the findings:

• The compression behaviour of the spacer fabric at an initial compressive strain of 10%
is not affected by the presence of inlaid tubes in the connective layer.

• The inlaid spacer fabrics require higher stress to enter the plateau stage than the
conventional spacer fabric. When an inlaid material with higher tensile strength
and compression strength is used, no obvious plateau stage can be found in the
compression stress–strain curves of the fabric.

• The inlaid spacer fabrics not only have higher compression strength but can also
absorb more compression energy than the conventional spacer fabric. The inlaying
of elastic materials such as silicone foam or silicone rods effectively reinforces the
spacer fabric.

• Different inlay materials with different Young’s moduli and tensile behaviours can
affect the compression energy and stiffness of the resultant fabrics. The spacer fabric
inlaid with silicone foam rods, which have lower tensile strength and compression
strength than silicone rods and silicone hollow tubes, can absorb more compression
energy. On the other hand, the spacer fabric that is inlaid with silicone rods with a
high tensile strength and compression strength has the highest compressive stiffness
amongst the fabric samples.

A better understanding of the effect of different types of inlaid tubes on the compres-
sion properties of weft-knitted spacer fabric is provided. The findings can be used as a
reference in the design and development of spacer fabrics to meet the requirements of
various cushioning applications.
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Abstract: This paper deals with the prediction of methylene blue (MB) dye removal under the
influence of titanium dioxide nanoparticles (TiO2 NPs) through deep neural network (DNN). In the
first step, TiO2 NPs were prepared and their morphological properties were analysed by scanning
electron microscopy. Later, the influence of as synthesized TiO2 NPs was tested against MB dye
removal and in the final step, DNN was used for the prediction. DNN is an efficient machine learning
tools and widely used model for the prediction of highly complex problems. However, it has never
been used for the prediction of MB dye removal. Therefore, this paper investigates the prediction
accuracy of MB dye removal under the influence of TiO2 NPs using DNN. Furthermore, the proposed
DNN model was used to map out the complex input-output conditions for the prediction of optimal
results. The amount of chemicals, i.e., amount of TiO2 NPs, amount of ehylene glycol and reaction
time were chosen as input variables and MB dye removal percentage was evaluated as a response.
DNN model provides significantly high performance accuracy for the prediction of MB dye removal
and can be used as a powerful tool for the prediction of other functional properties of nanocomposites.

Keywords: artificial neural network; titanium dioxide nanoparticles; methylene blue dye removal

1. Introduction

Modern world witnesses the miracles of nanotechnology as it manipulates matter on
molecular level with at least having one dimension less than 100 nm [1,2]. Researchers are
applying nanomaterials i.e., nanoparticles, nanowires, nanorods, nanosheets, nanoflowers
etc in medicines, optical instruments, energy devices, civil and building industry, aero-
nautics and electronics for better performance [3–6]. TiO2 is a functional material mostly
used as a photo catalyst in industrial applications [7–9]. TiO2 nanomaterials have been
investigated for photodegradation of organic pollutants i.e., tetracycline and MB [10,11],
self-cleaning coatings, antimicrobial coatings, sensors and for other purposes by the aca-
demic researchers and industrial experts [12–14]. In an experimental study, Noman et al.
worked with the synthesis and single step coating of TiO2 NPs on cotton to develop pho-
tocatalytically active cotton composites for antimicrobial and self-cleaning applications.
They used sonication method and reported the average particle size for their samples
4 nm [15]. On the other hand, DNN models have achieved human-level performance
and have shown great success in different real-world applications, including computer
vision [16], textile process, biomedical engineering [17], material engineering [18]. DNN is
an efficient machine learning tool suitable for the prediction of output parameters from
input variables where there is an unknown relationship exists between input and output
variables [19–21]. In recent years, DNN has been widely used to predict various properties
of textiles. Lui et al. developed a new strategy to predict the initial failure strength criterion
of woven fabric reinforced composites based on micro-mechanical model by modifying
DNN and mechanics of structure genome (MSG) [22]. MGS is used to perform initial failure
analysis of a square pack microscale model that trained the samples to detect yarn failure
criterion. The effectiveness of this strategy was confirmed by testing yarns of mesoscale
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plain weave fabrics and fiber reinforced composite materials to compute the initial failure
strength constants. Khude et al. applied artificial neural network (ANN) and adaptive
network-based fuzzy inference system (ANFIS) to predict antimicrobial properties of knit-
ted fabrics made with silver fibres [23]. Both studies reported good results during training
and testing of datasets. However, ANFIS showed better performance with small datasets.
Altarazi et al. used multiple algorithms i.e., stochastic gradient descent (SGD), ANN,
k-nearest neighbors (kNN), decision tree (DT), regression analysis, support vector machine
(SVM), random forest (RF), logistic regression (LoR) and AdaBoost (AB), for the prediction
and classification of tensile strength of polymeric films with various compositions [24].
The obtained results show that SVM algorithm has superior predictive ability. In addition,
the experimental results show that classification ability of used algorithms was excellent
for sorting films into conforming and non-conforming parts. Yang et al. identified knitted
fabric pilling behavior by modifying ANN into deep principle components analysis-based
neural networks (DPCANN) [25]. In DPCANN, principal components automatically track
down the fabric properties before and after pilling test and then neural network was ap-
plied to evaluate pilling grades. The obtained results elucidate that DPCANN has above
average classification efficiency for pilling behavior of knitted fabric.

Many other researchers worked with DNN in textiles. Li et al. proposed Fisher
criterion-based deep learning algorithm for defects detection of patterned fabrics [26].
A Fisher criterion-based stacked denoising method has been used for fabric images to
classify into defective and defectless categories. The experimental results showed that the
accuracy of proposed approach in defects detection is excellent for patterned fabrics and
more complex jacquard warp-knitted fabric. Ni et al. proposed a novel online algorithm
that detects and predicts the coating thickness on textiles by hyperspectral images [27].
The proposed algorithm was based on two different optimization modules i.e., the first
module is called extreme learning machine (ELM) classifier whereas, the later is called a
group of stacked autoencoders.The ELM module optimized by a new optimizer known as
grey wolf optimizer (GWO), to determine the number of neurons and weights to get more
accuracy while detection and classification. The results explained that online detection
performance significantly improved with a combination of the variable-weighted stacked
autoencoders (VW-SAE) with GWO-ELM that provide 95.58% efficiency. Lazzús et al.
used the combined ANN with particle swarm optimization (PSO) to predict the thermal
properties [28]. The results demonstrated that the proposed model ANN-PSO provided
better results than feedforward ANN. Malik et al. applied ANN to predict yarns crimp
for woven fabrics. Simulation results showed a good prediction accuracy, especially for
warp yarn [29]. Lu et al. used ANN and multiple linear regression (MLR) based on
acoustic emission detection for the prediction of tensile strength of single wool fibers [30].
The coefficients of determination of ANN and MLR show that there is a high correlation
between the predicted and measured values of strength of wool. However, ANN model
has the higher accuracy and lower error prediction compared to MLR. In another study,
Tadesse et al. proposed ANN and fuzzy logic (FL) to predict the tactile comfort of functional
fabrics parameters [31]. FL has been performed to predict the predicted hand values
(HVs) from finishing parameters; then, the total hand values (THVs) has been predicted
from the HV using FL and ANN model. FL provided an efficient prediction of the HV
with lower relative mean percentage error (RMPE) and root mean square error (RMSE).
In addition, the fuzzy logic model (FLM) and ANN models showed an effective prediction
performance of the THV with lower RMSE and RMPE values. Mishra used ANN models
during the production of cotton fabric for the prediction of yarn strength utilization [32].
The selected input parameters were yarn counts, initial crimps, total number of yarns
and yarn strengths in both longitudinal and transverse directions along with the weave
float length. The experimental results showed that yarn strength utilization percentage
increased with an increase in yarn number in both directions, however, a decrease in crimp
percentage and float length was observed. El-Geiheini et al. worked with different types
of yarns and used ANN and image processing tools for modeling and simulation of yarn
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tenacity and elongation [33]. They reported that the proposed techniques are suitable for
the estimation of various yarn properties with minimum error. Erbil et al. used ANN
and regression tools for tensile strength prediction of ternary blended open-end rotor
yarns [34]. They performed stepwise multiple linear regression (MLR) method and trained
their ANN algorithm with Levenberg–Marquardt backpropagation function. Furthermore,
they performed a comparison of both models for prediction efficiency. The reported
results of their experimental study demonstrated that ANN models give a better prediction
output than MLR for both parameters i.e., breaking strength and elongation at break.
Lui et al. developed a new strategy to predict the initial failure strength criterion of
woven fabric reinforced composites based on micromechanical model by modifying deep
learning neural network (DNN) and mechanics of structure genome (MSG) [22]. MGS is
used to perform initial failure analysis of a square pack microscale model that trained the
samples to detect yarn failure criterion. The effectiveness of this strategy was confirmed by
testing yarns of mesoscale plain weave fabrics and fiber reinforced composite materials
to compute the initial failure strength constants. The literature shows that the prediction
of mechanical behavior of composites materials is a complex task due to variations in
boundary conditions and structures [5,35]. Wang et al. presented the prediction of the
tensile strength of ultrafine glass fiber felts by ANN [36]. The tensile strength are modelled
based on the mean diameter of fibers, bulk density and resin content. Simulation results
showed that ANN model provided a high prediction accuracy and lower mean relative
errors. Unal et al. selected single jersey knitted fabrics for the evaluation of air permeability
and combined ANN algorithm with regression methods for the prediction of bursting
strength of used knit structures [37]. Implementation of results showed that both methods
were able to predict precisely the properties of knitted fabrics. However, ANN had a
slightly positive edge when used for prediction. Recently, Amor et al. used ANN and MLR
for the prediction of functional properties of nano TiO2 coated cotton composites and their
results show that ANN outperformed MLR for prediction accuracy [38].

The discussed literature reveal that ANN is mostly used machine learning tool for
textile industry [29,34,38,39]. DNN is a category of ANN model with multiple layers
between input and output layers. DNN takes an edge of automatic learning process.
Therefore, main contributions of this paper are to investigate the accuracy of DNN model
for the prediction of MB dye removal under the influence of TiO2 NPs and compare the
results with MLR.

This study is organized as follows: Section 2 describes materials, synthesis of TiO2 NPs
and explanation of DNN model framework. Section 3 discusses the simulation, comparison
and results for the prediction of MB dye removal. Section 4 summarizes the main findings
and concludes the paper.

2. Materials and Methods
2.1. Materials

All chemicals and reagents for the synthesis of TiO2 NPs i.e., titanium tetraisopropox-
ide (TTIP), ethylene glycol (EG) and for photodegradation study i.e., MB dye were received
from Sigma-Aldrich (Prague, Czech Republic) and used without any further purification.
The experimental design with different amount of TTIP and EG is presented in Table 1.
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Table 1. Experimental design and variables for the synthesis of TiO2 NPs.

Sample Amount of TTIP [mL] Amount of EG [mL] Sonication Time [h]

1 10 8 4
2 1 2 0.5
3 1 2 4
4 10 4 1
5 10 5 0.5
6 5 5 2
7 1 8 4
8 5 5 0.5
9 7 5 1

10 10 2 0.5
11 7 5 2
12 7 8 1
13 5 2 2
14 1 4 1
15 7 5 2
16 5 5 1
17 10 2 4
18 5 5 2
19 7 5 4
20 1 8 0.5

2.2. Synthesis of TiO2 NPs

Initially, TTIP and EG were added in a beaker containing 50 mL ethanol. The molar
ratio of TTIP: EG was 2:1. The mixture was magnetically stirred at 500 rpm for 15 min.
The mixture was then sonicated by ultrasonic probe (Bandelin Sonopuls HD 3200, 20 kHZ,
200 W, Berlin, Germany) for time intervals based on the experimental design. The tem-
perature was maintained at 80 ◦C by using hot plate equipped with magnetic stirrer.
The resulting nanoparticles were washed with ethanol to remove impurities and then
centrifuged at 4000 rpm for 5 min to remove liquid from inside. The resulting nanoparticles
were further dried in an oven at 100 ◦C for 2 h. The experimental setup is shown in
Figure 1.

Figure 1. Graphical representation of experimental setup for the synthesis of TiO2 NPs.

2.3. MB Removal

The photocatalytic activity of TiO2 NPs was evaluated by the discoloration of MB
solution under UV light. In this experiment, 1 g L−1 TiO2 NPs were mixed in 50 mL
solution containing 100 mg L−1 MB dye. The solution was stirred by a magnetic stirrer and
placed in the dark for 40 min to reach an adsorption desorption equilibrium. The UV light
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source was a 500 W UV lamp with light intensity 30 W m−2. MB residual concentration
was calculated by spectrophotometer at 668 nm wavelength. The color removal efficiency
(CR%) was evaluated by the given Equation (1):

CR% =

[
1− C

C0

]
∗ 100, (1)

where C0 and C represents the initial and final concentration of MB in the solution respec-
tively. The initial spectrum of dye solution without TiO2 NPs was taken as standard sample.
An aliquot was taken out by a syringe after a fix time interval to evaluate the results of
MB removal.

2.4. Deep Neural Network

ANN model is widely used in the prediction of functional properties of composite
structures [38,40]. Generally, ANN model contains three layers and ANN model with more
than hidden layers is known as DNN model [18]. DNN is widely used to investigate the
correlation between variables for critical problems [41]. Automatic creation and explo-
ration of information from previous learning is an interesting feature of DNN [42]. DNN
tunes the weights constantly until predicted and target values match. Back-propagation
calculates the error between predicted and targeted and update weights to remove error
after iterations [18,22]. The equation of DNN is given below:

y = f

(
∑

i
Wij ∗ Xi + bj

)
, (2)

where, y represents the output. Xi represents the ith input variables. Wij represents the
weight and bj is the bias. The weights and biases include the information that neuron
recovers during training. ϕ is the activation function mostly employed sigmoid activation
function given in Equation (3) [43]:

f (x) =
1

1 + eδx , (3)

where δ denotes the sigmoid function steepness parameter and x is given by

x = ∑
i

Wi ∗ Xi, (4)

A detail tutorial of DNN algorithms are presented by various researchers in their
studies [44,45]. In the present work, the DNN model has been developed by a multi-layer
feed-forward network. The hyperbolic tangent sigmoid function is used as the activation
function for each layer. The amount of titanium precursor, amount of ehylene glycol and
process time are taken as the input variables whereas the MB removal are outputs variable
as described in Figure 2.

The DNN model has been trained by the Bayesian regularization backpropagation
algorithm. 85% of the data was used for the training of the DNN model and 15% of the
data was used for testing. After several tentative simulation, it was found that the best
DNN architecture that gives the lowest relative error and highest correlation coefficient has
a structure of 3-12-12-6-1, which represents three variables in the input layer, three hidden
layers with 12, 12 and 6 neurons respectively, and one predicted output.
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Figure 2. DNN model for the prediction of of the removal of methylene blue dye under the influence
of nano TiO2.

2.5. Evaluation of DNN Model

The performance and accuracy of the DNN model was evaluated using different
method including mean absolute error (MAE), mean squared error (MSE), root mean
squared error (RMSE), standard deviation (SD) of the error and coefficient of correlation
(R2), and they are expressed respectively as follows:

MAE =
1
n

Σn
i=1|(yi − ŷi)|, (5)

MSE =
1
n

Σn
i=1(yi − ŷi)

2, (6)

RMSE =

√
1
n

Σn
i=1(yi − ŷi)2, (7)

SD =

√
1

n− 1

n

∑
i=1

((y− ŷ)i − (y− ŷ))2, (8)

R2 =


 ∑n

i=1(yi − ȳ)(ŷi − ¯̂y)√
∑n

i=1(yi − ȳ)2
√

∑n
i=1(ŷi − ¯̂y)2




2

. (9)

where yi and ŷ are the actual and predicted outputs, respectively. ȳ is the mean of the actual
variables and ¯̂y represents the mean of the predicted variables. n is the number of samples.

In addition, statistical analysis (ANOVA) has been performed to test the statistical
significance of input and output variables [38,46,47].

3. Results and Discussion
3.1. Scanning Electron Microscopy (SEM) Analysis

The results of SEM analysis for the synthesis of TiO2 NPs are presented in Figure 3. It
is observed from SEM results that the synthesized TiO2 NPs are quasi spherical in shape
and homogeneously distributed. The estimated size of the particles by image analysis was
20 nm. Moreover, for texture properties, the randomly selected samples were examined by
Brunauer-Emmett Teller (BET surface area and pore size analyzer Quantachrome—NOVA
2200e (Boynton Beach, FL, USA)), Atomic Force Microscopy (AFM) system (Park SystemTM,
Suwon, South Korea) and Dynamic Light Scattering (DLS Malvern Pananalytical Zetasizer
Ultra (Malvern, UK)) techniques and the obtained results are presented in Table 2.
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Table 2. Textural and microstructural properties of TiO2 NPs.

Sample Surface Area
[m2/g]

Pore Volume
[cm3/g]

Surface Roughness
[nm]

Hydrodynamic
Diameter [nm]

1 187± 4 0.17± 0.5 5.24± 2 28± 3
6 163± 2 0.21± 1 2.11± 1 31± 1
9 149± 5 0.26± 0.5 1.38± 1 24± 2
16 201± 4 0.13± 0.5 3.81± 2 41± 1

In addition, XRD analysis was carried out to confirm the crystallite size and the purity
of the crystalline phase. XRD results are illustrated and discussed (see the
Supporting Information).

3.2. Evaluation of MB Removal

MB discoloration was investigated with 1 g L−1 TiO2 NPs and with 100 mg L−1 initial
concentration of MB. The results of MB removal explain that a complete discoloration of
MB was done within 40 min under UV light. In order to confirm that this change was due
to the presence of TiO2 NPs and not by the poor light fastness of MB, dye solution was
exposed to UV light without TiO2 NPs. This solution didn’t change its color even for longer
irradiations time. Therefore, it is confirmed that TiO2 NPs are highly photo active as their
minimal quantity discolor MB solution in a short span of time.

(a) (b)

Figure 3. SEM images of as synthesized TiO2 NPs (a) at magnification 10.0 k × and (b) at magnifica-
tion 50.0 k ×.

3.3. Analysis of the Proposed DNN Model

We applied the DNN to predict the removal of methylene blue dye under the influence
of titanium dioxide. After many trials, the best results that include the lower MSE and high
prediction performance of the methylene blue removal obtained from a DNN model with
five-layers, i.e., an input, three hidden, and an output layers, and the number of hidden
layer nodes are 12, 12 and 6, where the network provides highly accurate results. The
transfer functions used for hidden and output layers in this work is the type of tangent
sigmoid (tansig) function. The best selection of a transfer function for input and output
layers guarantee the accuracy of the predicted results. In addition, Bayesian regularization
backpropagation was used to train the DNN. The setting of training parameters of the
DNN are presented in Table 3. The obtained results with the DNN model were compared
with MLR.
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Table 3. Parameters and settings of training network.

Parameters Settings

Training function trainbr
Transfer function of hidden layers tansig, tansig, tansig
Transfer function of output layer tansig

Epochs 1000
Input node 3

Hidden node 12,12, 6
Output node 1

Performance goal 0.00001

Figure 4 illustrates the predicted values of MB dye removal using DNN and MLR.
Figure 5 shows the absolute prediction error given by the difference between predicted
and actual values using both MLR and DNN. We noticed that the values of prediction
error were significantly lower for the DNN model as compared to MLR. It is clear from the
Figure 5 that MLR model has one error burst at sample number 4 and has higher errors for
the prediction of most values. Table 4 represents the computed MSE, RMSE, MAE, SD
and R2 for both used models to predict the methylene blue removal. We observed that the
proposed DNN model outperformed MLR with lower errors according to MSE, RMSE,
MAE, SD, and high accuracy according to R2.
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Figure 4. The predicted and actual values using DNN and MLR.
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Figure 5. Results of absolute error for actual and predicted values using DNN and MLR models.
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Table 4. The performance measures of DNN and MLR.

Methods MSE RMSE MAE SD R2

DNN (training) 1.1186 1.0576 0.6254 1.1719 0.9997
DNN (testing) 1.09958 1.0532 0.6213 0.3558 0.9999

MLR 6.6044 2.5699 1.8933 2.6366 0.9882

The correlation between actual and predicted values using DNN for training and
validation of all data sets is illustrated in Figure 6. It is observed from the results that the
correlation coefficients (R-value) provide an excellent correlation between the predicted
and actual values, where R > 99% which confirm the highly prediction accuracy of DNN.
Figure 7 showed the correlation between the actual and predicted values using MLR model.
We noticed that MLR model provide a good prediction accuracy for the MB removal, where
R = 98%. It is clear from the obtained results that both DNN and models verifies their
accuracy and effectiveness in the prediction process. However, the performance of DNN
model outperformed MLR with higher accuracy and lower errors.

Figure 6. Correlation coefficient for experimental and predicted values by back-propagation
DNN model.
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Figure 7. Correlation of actual and predicted values for all data sets by MLR model.

One-way ANOVA was used to check the robustness of the results obtained through
DNN, MLR and experiments. ANOVA analysis helps to understand the relationship
between predicted values of MB dye removal under the influence of nano TiO2 with all
process variables. Table 5 shows ANOVA results for MB dye removal obtained by DNN,
MLR and experiments. The overall results show that DNN model is statistically more
significant than experimental values and MLR values as DNN provides lowest p-value.

Table 5. Analysis report of DNN, MLR and experimental values for methylene blue removal.

Methods p-Value F-Value

DNN 1.73× 10−10 97.31
MLR 2.821× 10−9 66.97

Experimental 1.771× 10−9 71.33

4. Conclusions

In this paper, we introduced DNN model for the prediction of MB dye removal under
the influence of TiO2 NPs. In the fist phase, TiO2 NPs were successfully synthesized by
sonication. Scanning electron microscopy results showed quasi spherical shape of all
prepared samples. The particles were homogeneous and successfully used in MB dye
removal. The prediction of MB dye removal was performed by DNN model. In comparison,
DNN showed more accurate results than MLR model. The obtained results for MSE,
RMSE, MAE and SD elucidate that DNN model has lower error than MLR. The successful
utilization of DNN model shows a non-linear behaviour for the prediction of MB dye
removal. The obtained results confirm that DNN model can also be effectively used for
the prediction of MB dye removal and for the removal of other organic pollutants in
different industries.
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Abstract: In this study, the ballistic performance of armors composed of a polyurea elastomer/Kevlar
fabric composite and a shear thickening fluid (STF) structure was investigated. The polyurea used
was a reaction product of aromatic diphenylmethane isocyanate (A agent) and amine-terminated
polyether resin (B agent). The A and B agents were diluted, mixed and brushed onto Kevlar fabric.
After the reaction of A and B agents was complete, the polyurea/Kevlar composite was formed.
STF structure was prepared through pouring the STF into a honeycomb paper panel. The ballistic
tests were conducted with reference to NIJ 0101.06 Ballistic Test Specification Class II and Class IIIA,
using 9 mm FMJ and 44 magnum bullets. The ballistic test results reveal that polyurea/Kevlar fabric
composites offer better impact resistance than conventional Kevlar fabrics and a 2 mm STF structure
could replace approximately 10 layers of Kevlar in a ballistic resistant layer. Our results also showed
that a high-strength composite laminate using the best polyurea/Kevlar plates combined with the STF
structure was more than 17% lighter and thinner than the conventional Kevlar laminate, indicating
that the high-strength protective material developed in this study is superior to the traditional
protective materials.

Keywords: multi-layer armor; ballistic performance; polyurea elastomers; shear thickening fluid

1. Introduction

With the development of technology and techniques, the structural design of armor
systems is gradually moving towards a multi-layer armor system [1–3]. For protection
purposes, the multi-layer armor system can be used as a simple way of increasing the
number of layers of protection material to meet the need for increased impact resistance and
to reduce the additional costs associated with engineering changes. However, this approach
also tends to increase the thickness and weight of the garment, causing restrictions on
movement and strain on the wearer, so the light weighting of protective equipment has been
a continuous improvement effort by developers from all walks of life [4–6]. Bulletproof
materials must have high strength and modulus to protect against shear damage and
tensile deformation caused by projectiles during high-speed impacts [7–9]. The mass effect
is an important factor affecting impact resistance, and in the pursuit of light weight, it also
affects the protection capability of ballistic materials. Recently, many studies have proposed
the use of composite materials to achieve the goal of improving impact resistance [10–12].
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In addition, shear thickened fluids have been subjected to a series of tests in the field of
impact resistant materials in recent years due to their special shear thickening properties.

Shear thickened fluids are intelligent materials that are non-Newtonian in nature
and exhibit solid-like properties when the shear force or shear rate exceeds the critical
shear stress or critical shear rate, resulting in a rapid increase in viscosity [13–18]. Due to
this unique shear thickening rheological property, they facilitate the absorption of impact
energy for protection in the event of an impact. However, in a study by Arora et al.,
it was noted that increased yarn-to-yarn friction was not necessarily beneficial in terms
of absorbing impact energy, but rather reduced the protective capacity of these high-
performance fabrics made from finer yarns shaped from specific fabrics [19]. The results
of these studies have also highlighted a key point that when combining STF with other
materials for impact-resistant protective gear applications, the mutual influence between
the rheological properties of STF and the structural parameters of the combined material
must be taken into account, in order to avoid stress concentration in the composite material
during the impact process, which could lead to a weakness in the material and loss of the
original protective effect, which plays a crucial role in determining its impact resistance.

Reviewing the literature and fundamental theories on the ballistic mechanism of
high-performance Kevlar fiber fabric, the invasion process and damage mechanism of
high-performance Kevlar fiber fabric subjected to high-velocity projectile impact are well
understood [20–24]. A large number of studies have now shown that 2D woven fab-
rics can be coated with polymers, for example, to improve the fracture toughness of the
structure [25–29]. In this study, an attempt was made to enhance the impact resistance
of high-performance Kevlar fabric with polyurea polymers. From the literature on high-
performance Kevlar fiber composites, it is clear that when adding reinforcement to high-
performance Kevlar fiber fabrics, attention must be paid to the effect of the added content
on their ballistic protection mechanism [4,30,31]. Therefore, in this study, polyurea elas-
tomer/Kevlar composites were prepared using diluted tetrahydrofuran solution containing
various ratios of polyurea polymer raw materials in order to obtain suitable composites.

The multi-layer armor system blunts the penetration and penetration capability of
high-speed projectiles by means of a protective material at the front end of the armor
stack, and then depletes the kinetic energy of the warhead by means of a bulletproof
material at the rear end. In addition to the unique properties of the material (fibers) itself,
a variety of mechanisms should be considered to enhance impact resistance [32–35]. For
example, after selecting the appropriate material properties, a common way to improve
protection is to add more layers in a different arrangement during the production of the
laminate stack. However, even though increasing the number of layers in a composite
material stack can improve protection, it can also affect the total weight and flexibility of
the final protective equipment [36–39]. In order to achieve the goal of developing a soft
armor, the multi-layer armor designed in the study uses fibers as the main structure at
the front end and incorporates an STF structure at the rear end to enhance the efficiency
of impact energy absorption.

This research follows our previous research on high energy absorbing nano-mesophase
reinforced ballistic materials. Using the experience in developing ballistic materials, we
further combine the characteristics of polymer composite materials and STF structures,
with the aim to produce high-strength composite ballistic material with excellent protection
for users. It has been reported that polymer matric composites or polymer-coated fabrics
can change their ballistic performance [30,40]. However, the impact behavior and failure
mode are affected by the polymer used [41,42]. Due to its effective energy absorption
property, polyurea is commonly used as a protective coating on concrete or steel structures.
However, studies on the ballistic performance of polyurea-coated fabric are rare [43]. For
this purpose, high-velocity impact tests were conducted according to the NIJ 0101.06
Class IIIA standard [44] to determine the ballistic performance of neat Kevlar fabric and
samples composed of Kevlar/polyurea composites and STF structures. The remarkable
results from the comparison between the untreated Kevlar fabrics and panels with an
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adequate arrangement of Kevlar/polyurea composites and STF structure showed that a
high-strength composite laminate using the best polyurea/Kevlar plates combined with
the STF structure was lighter and thinner than the conventional Kevlar laminate, while
maintaining the same ballistic resistance.

2. Experimental
2.1. Materials

In this study, nanoscale silica was mixed with polyethylene glycol (PEG) to prepare
a shear thickening fluid. The silica was a nanoscale fumed silica powder and purchased
from Kingmaker Chemical (ECHO, Miaoli, Taiwan). PEG was an oligomer produced by
ECHO with a molecular weight of 200 g/mol. A wet dispersant, Disperbyk-111, was used
to enhance the stability of silica particles.

2.2. Fabrication of STF-Filled Paper Honeycomb

When preparing STF, problems such as uneven mixing are often encountered. There-
fore, in the preparation process, we initially used a planetary mixer to mix the solid
dispersed particles with the liquid dispersing medium, and then used a three-roller mixer
to roll the shear thickening fluid to disperse the solid particles in the shear thickening
fluid well. In the first stage, the required amount of polyethylene glycol was weighed
with an electronic scale and poured into the mixing tank of the planetary mixer, and the
required amount of nanosilica (10–30 nm particle size) and additive (Disperbyk-111) was
weighed and poured into the tank. The mixing tank was then placed in the planetary
mixer and the suspension was stirred at speed of 2000 rpm for 10 min. After that, the
suspension was defoamed at 2500 rpm for 5 min. The above steps were repeated until
the silica content of the shear thickening liquid reached the required solid content. In the
second stage, the shear thickening liquid prepared in the first stage was fed into and passed
three roll mills five times with a gap of 150, 100, 50, 10 and 5 µm, separately, to improve the
homogeneity of the STF. As shown in Figure 1, the STF-filled paper honeycomb structure
was prepared through pouring the STF into a honeycomb paper panel (Asazawa Industrial
Co., Ltd., Taoyuan, Taiwan) with a specified size and an NY vacuum bag, provided by
Futian Packaging Co., Ltd, Taipei, Taiwan was used to seal the STF. The purpose of using
honeycomb paper spacers was to maintain the shear thickened liquid in a liquid state. By
controlling the size of the honeycomb spacer, the amount of shear thickened liquid can be
fixed and the thickness as well as weight of the target plate can be controlled.

2.3. Preparation of Polyurea Elastomer/Kevlar Plates

The preparation process is displayed in Figure 2. The sample layers were finally
investigated according to the subsequent experimental design.

2.4. Rheological Test

Rheological measurements of STF suspensions were performed at 25 ◦C using a stress-
controlled rheometer (model: HAAKE RS600, Thermo Fisher Scientific, Newington, CT,
USA). For rheometer testing, a tapered plate (No. C20/2 Ti) with a flat fixture was used for
measurement at room temperature (25 ◦C). The diameter of the tapered plate was 20 mm,
the angle of the outer taper was 2 degrees and the distance between measurement positions
(gap) was set at 0.1 mm.

2.5. Stab Tests

A home-made drop hammer tester (Figure 3) was used to perform the puncture
resistance test. The test was carried out with a fixed weight of 176.3 g and a knife weighing
102.6 g, for a total weight of 278.9 g and a height of 142 cm. The puncture effect was assessed
by impacting the piercing knife on a high energy absorbing nano-media reinforced ballistic
material on the test bench using the free fall principle with a certain amount of energy.
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2.6. Ballistic Impact Testing

The ballistic impact tests were conducted with reference to NIJ 0101.06 Ballistic Test
Specification Class II and Class IIIA [44], using 9 mm FMJ and 44 magnum bullets for
live ballistic testing. Ballistic tests were conducted with the projectile flying in a steady
direction through the inner rifling of the accuracy barrel to the target, with the muzzle 5 m
from the target and the target 6 m from the wooden retaining wall. A schematic diagram of
the ballistic test is shown in Figure 4. The first set of light gates was set at the muzzle from
the target to measure the initial velocity of the projectile, and the second set of light gates
was set from the target to the wooden retaining wall to measure the final velocity of the
projectile, and the depth of the rear mud depression was the standard for impact resistance.
Although a bulletproof vest is generally resistant to penetration by bullets, it can also cause
bodily injury due to the force of the impact, so the depth of indentation in the ballistic test
has always been a key criterion for a bulletproof vest. In this study, the back face signature
(BFS), as defined by the NIJ 0101.06 standard, was used to determine the level of protection
of the protective material and to compare the protection performance of the samples in
terms of the depth of depression. In addition, during the ballistic test, we used Photron’s
FASTCAM SA1.1 high-speed video camera to capture the dynamic changes in the STF
structure during the impact of the bullet on the bullet-resistant laminated sample.
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3. Results and Discussion
3.1. Rheological Analysis of the STF

By measuring the rheological properties and analyzing the rheology, we could further
identify the physical changes in the flow and deformation of the shear thickened liquid
materials prepared for the study. The solid content of STF is an important parameter
affecting the rheological properties of STF. According to the literature, as the solid content
of STF increases, the shear thickening properties of STF will reach the maximum viscosity
more rapidly with the increase in shear rate, and STF with a higher solid content has a
higher maximum viscosity value [45]. By controlling the solid content of the STF, the same
can be obtained for STF materials with different maximum viscosities. Figure 5a shows
the rheological curves obtained from the planetary mixer and the triple-roller blender
after processing different STF solid contents by rheological analysis. From Figure 5a, it
can be seen that as the solid content of STF increases, the maximum viscosity obtained
by the STF material under shear also tends to increase. In order to achieve the level of
ballistic protection and high-velocity impact resistance required for practical protection
applications, it is essential that the solid particles in the STF should be evenly dispersed
in the solvent. Another important point to note is the reversibility of STF. In protective
applications, STF differs from other materials in that it hardens on impact, but slowly
returns to its fluid state after the impact force has dissipated. This special phenomenon
also allows the use of STF in bulletproof vests to avoid “secondary damage” during the
bulletproofing process compared to rigid vests. Therefore, in addition to the use of a
triple-roller mixer to improve the dispersibility of the STF, the addition of an interfacial
activator to the system to promote the homogeneous dispersion of the particles in the
suspension was used to further increase the dispersibility, reversibility and stability of the
prepared STF system. The main function of adding an interfacial activator is to reduce the
interfacial tension between SiO2 and PEG (solid–liquid) in the system and to help prevent
the coalescence of SiO2 particles. The addition of a dispersant has the effect of maintaining
the stability of the dispersion in the normal fluid state of the STF, and also helps with the
reversibility of the STF after it has been impacted and formed a solid state, reducing the
time required to return to the original fluid state. Some of the test results on the effect of the
added dispersant content on the rheological properties of the STF are shown in Figure 5b.
The results of Figure 5b show that the rheological curve of STF gradually shifts to the left
and the critical shear rate gradually decreases with the increase in the added dispersant.
The trend of the experimental results obtained is consistent with the results in the literature
on the effect of different molecular weights of liquid media on STF [46]. The addition of
dispersant increases the molecular weight of the liquid medium in the STF, and as the
molecular weight of the liquid medium increases, the viscosity of the liquid medium also
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increases. However, as the dispersant affects the coalescence of the solid particles in the
STF, the observed shear thickening curve tends to flatten out as the dispersant content in
the STF increases. In order to reduce the effect of dispersant on the rheological properties
of STF and to increase the dispersion effect of STF, a dispersant amount of 3 g was used in
this study for subsequent experiments.
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3.2. Ballistic Performance of Kevlar/STF-Filled Paper Honeycomb Plates

The rheological properties of STFs required to resist high- or low-velocity impacts are
very different, so STFs with different rheological properties should be used for different
types of protection in order to achieve efficient protection capabilities. Our previous studies
have shown that STF with a high critical shear rate has better protection properties [47].
A shear thickening fluid with a solid content of 40 wt% was prepared using nano-grade
silica and poured into honeycomb paper of various thicknesses to continue the research
on weight reduction and thinning of ballistic materials to find a balance between weight,
thickness and protection. The test specimens were 40 wt% solids shear thickening fluid in
honeycomb paper of 2 mm, 3 mm and 4 mm in thickness, sealed with PE bags and combined
with Kevlar. Ballistic testing has been performed on different laminating sequences of
composite panels composed of one STF structure layer and nineteen layers of Kevlar fabric
which were obtained by simply placing the STF structure at different positions in the
composite panels in our previous study [47] and showed that the STF structure placed at
the rear position can significantly contribute to the increase in impact resistance. Thus,
the test specimens used in the following study were prepared by putting Kevlar laminate
in the front end and the STF structure in the rear end. Ballistic testing was conducted
using National 9 mm pistol ammunition and 44 Magnum pistol ammunition in accordance
with NIJ 0101.06 Class IIA. As can be seen from the test results in Table 1, compared to
the control 29-layer Kevlar sample (Std. 29), the A-1 sample prepared in the first stage
of research was already lighter and thinner than the control 29-layer Kevlar sample, and
a comparison of the sludge depression depth results between the two indicated that the
STF/Kevlar composite (No. A-1) prepared was more impact resistant. This result also
shows that the amount of shear thickening fluid in the sample is directly proportional
to the impact resistance, and that shear thickening fluid is indeed effective in absorbing
impact energy. Based on the results of these experiments, the design of a bulletproof
vest can be further developed in accordance with the product specifications to find the
optimum weight and thickness of the bullet-resistant structure. In addition, for the ballistic
test upgraded to NIJ 0101.06 Level IIIA, the test results are shown in Table 1, for samples
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A-4 and A-5. The test results show that a stack of 37 layers of Kevlar fabric and an STF
structure positioned at the second layer is needed to satisfy the requirement of NIJ 0101.06
Level IIIA.

Table 1. Results for ballistic test of Kevlar/STF-filled paper honeycomb plates.

Plate ID Composition Layers

Honeycomb
Structure
Thickness

(mm)

Areal Density
(g/cm2)

BFS
(mm)

NIJ 0101.06
Test Level

Std. 29 29 plies of Kevlar fabric 29 - 1.29 34.01 IIA

A-1
18 plies of Kevlar fabric and
one ply of STF-filled paper

honeycomb structure

19 4 1.27 33.84 IIA

A-2 19 3 1.16 34.32 IIA

A-3 19 2 1.08 41.37 IIA

A-4 37 plies of Kevlar fabric and
one ply of STF-filled paper

honeycomb structure

38 4 2.08 39.45 IIIA

A-5 38 2 1.85 43.71 IIIA

3.3. Ballistic Performance of the Polyurea Elastomer/Kevlar Plates

From reviewing the literature and fundamental theories on the ballistic protection
mechanism of high-performance Kevlar fiber fabric, the process and damage mechanism
of high-performance Kevlar fiber fabric exposed to high-velocity projectile impact are
well understood. Using the results of previous experiments on the impact resistance of
high-performance fiber composites [48], Kevlar high-performance fiber fabric coated with
polyurea was used to enhance the impact resistance. Then, a comparison of the impact
resistance between the Kevlar fabric coated with polyurea and STF-impregnated Kevlar
fiber composites reported in the literature was made. From the literature on Kevlar fiber
composites, it is clear that when reinforcements are added into Kevlar fiber fabrics, attention
must be paid to the effect of the amount of reinforcement added on their ballistic protection
mechanism. The test results (Table 2) show that, when polyurea elastomers diluted with
THF are brushed onto Kevlar, the performance of the Kevlar fabric is improved and the
number of layers of the Kevlar stack is reduced, and Class II ballistic testing shows that
there is one level above the original Class IIA in ballistic performance. When a projectile
impacts a fabric, it is considered that the projectile kinetic energy is dissipated through a
combination of mechanisms such as tension in primary yarns, deformation of fabric, energy
dissipated through frictional slips (yarn/yarn and projectile/yarn), yarn breakage and
yarn pull-out from the fabric [49]. The polyurea coating helps primary yarns to transfer
the impact load into the secondary yarns and it also increases the friction between yarns.
Consequently, the Kevlar/polyurea composites achieved a better ballistic performance
compared to the pristine Kevlar fabric. The results from Table 2 for No. B-3 and No.
B-4 tests showed that they were approximately the same, so we chose the lighter sample
parameters and used a 1:5 THF dilution ratio for the following tests.

3.4. Stab Resistance of the Polyurea Elastomer/Kevlar Plates

Commercially available Kevlar fabric is woven in an orthogonal plain weave, which
makes it difficult to protect against the impact of sharp projectiles. The puncture resistance
of the polyurea elastomer/Kevlar composite was verified by simulating a bayonet puncture
attack using a drop hammer puncture tester and comparing it with the Kevlar fabric as
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a control group. The results are presented in Table 3. As can be seen from Table 3 for
Test No. D-1, a combined stack of 21 layers of Kevlar fabric is required to protect against
the impact of a hammer piercing without penetration by a bayonet. However, a polyurea
elastomer/Kevlar composite laminated construction (No. D-2) requires only 12 layers to
resist the impact of a falling bayonet puncture without penetration when tested with the
same standard drop hammer puncture test.

Table 2. Results for ballistic test of polyurea elastomer/Kevlar plates.

Plate ID Composition Layers Dilution Ratio
(Polyurea/THF)

Areal Density
(g/cm2)

BFS
(mm)

NIJ 0101.06
Test Level

Std. 19 19 plies of Kevlar fabric 19 - 0.87 43.9 II

B-1

19 plies of polyurea
elastomer/

Kevlar plates

17 1:10 0.79 55.3 II

B-2 17 1:5 0.83 36.2 II

B-3 15 1:5 0.75 45.2 II

B-4 15 1:3 0.91 46.4 II

B-5 15 1:1 0.97 39.9 II

Table 3. Results for stab tests.

Plate ID Composition
Not

Penetrated
Limit (Layers)

Weight
(g)

Thickness
(mm)

D-1 Neat Kevlar fabrics 21 150.5 11.17

D-2 Polyurea
elastomers/Kevlar 12 93.7 7.15

3.5. Ballistic Test Results of the Multi-Layer Armor System

For stacked structures, in order to enhance the protection performance of the bal-
listic stack, the number of stacked layers is generally increased in order to increase the
surface density of the stacked structure to achieve the purpose of enhancing the protection
performance. However, by increasing the number of layers, the weight of the protective
equipment is increased and the load on the person wearing it is increased [50]. The variety
of high-strength composites produced in this study provides more scope for design dis-
cretion in optimizing the impact resistance of the laminated structure due to the diverse
properties of the composites. In order to achieve the goal of lightweighting of protective
equipment, the experiments in this section were carried out to verify the design patterns of
different functional composite materials and boundary conditions (target size and thickness
of the STF structure) in order to obtain the optimal design pattern of the high-strength
composite material stack.

To summarize the results of this study and to consider the need for a soft ballistic
material, the final high-strength composite layer will be designed using the best impact-
resistant high-performance polyurea elastomer/Kevlar fiber composite, combined with a
flexible STF structure. The ballistic test was conducted under the conditions of NIJ 0101.06
Class IIIA (two levels higher than Class IIA), and the size of the sample prepared for the
test was 13 cm × 13 cm, a smaller surface area than that of a normal bulletproof vest. A
domestic soft bulletproof vest with 29 layers of Kevlar fabric was used for comparison.
Although the sample had the same number of layers (29), it was not able to protect against
Class IIIA projectiles. This could be attributed to the size boundary effect caused by its
smaller dimensional area. Under Class IIIA test conditions, a 47-ply Kevlar fabric (No. Std.
47) was selected as the control group to compare the impact resistance of the experimental
groups, which met the 44 mm depth of sludge depression. From the analysis of the above
experimental results, a lighter polyurea elastomer/Kevlar laminate was used to replace the
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Kevlar fabric laminate structure at the front of the original sample, and a shear thickening
fluid structure was added to form a high-strength composite ballistic laminate sample.
Table 4 displays the results of ballistic tests which were conducted using the Class IIIA
standard of NIJ 0101.06. It can be seen from Table 4 that the depth of sludge depressions
for samples E-1 and E-6 is 38.01 mm and 43.38 mm, respectively. Both met the Class
IIIA standard of NIJ 0101.06. The lighter and thinner sample, No. E-6, is 17.91% thinner
and 17.68% lighter than the control group, No. Std. 47, indicating that the reinforced
high-strength composite material is lighter and thinner and meets the Class IIIA standard
of NIJ 0101.06. To optimize the high-strength composite laminates, samples E-1 and E-6
were prepared using the best data from this study and their ballistic tests were performed
according to the Class IIIA standard of NIJ 0101.06. The depths of sludge depressions for
these two samples were 40.01 mm and 43.38 mm, respectively, which met the requirements
of the standard of less than 44.0 mm. The error value is approximately ±2.0 mm, which is
in line with the standard error value set by the American Judicial Association.

Table 4. The influence of boundary effects (target area size, surface density and thickness parameters).

Plate ID Composition Layers Thickness
(mm)

Areal Density
(g/cm2)

BFS
(mm)

NIJ 0101.06
Test Level

Std. 47 47 plies of Kevlar fabric 47 24.91 2.11 43.79 IIIA

E-1
Polyurea elastomer/

Kevlar plates (37-ply) + STF
structure (40%, 2 mm, 1-ply)

38 23.22 1.98 38.01 IIIA

E-2
Polyurea elastomers

Kevlar plates (35-ply) + STF
structure (40%, 2 mm, 1-ply)

36 22.74 1.94 38.32 IIIA

E-3
Polyurea elastomer/

Kevlar plates (32-ply) + STF
structure (40%, 2 mm, 1-ply)

33 20.31 1.77 40.01 IIIA

E-4
Polyurea elastomer/

Kevlar plates (32-ply) + STF
structure (40%, 4 mm, 1-ply)

33 23.14 2.03 38.56 IIIA

E-5
Polyurea elastomer/

Kevlar plates (32-ply) + STF
structure (40%, 3 mm, 1-ply)

33 22.12 1.91 37.58 IIIA

E-6
Polyurea elastomer/

Kevlar plates (32-ply) + STF
structure (40%, 2 mm, 1-ply)

33 20.45 1.74 43.38 IIIA

4. Conclusions

In this study, we introduced a new approach for developing a high-strength composite
laminate which is lighter and thinner than the conventional Kevlar laminate and can still
meet the Class IIIA standard of NIJ 010106 for bulletproof vests. The results of this study
show that relying only on shear thickening fluids to improve the protection of the elastic
cascade is limited. On the other hand, it generally will increase the weight and thickness of
the sample. In this study, a polyurea/Kevlar fabric composite was prepared and utilized to
develop a protective material that is comfortable to wear and meets the requirements of
reduced wear load. A close comparison in ballistic test results reveals that polyurea/Kevlar
fabric composites offer better impact resistance than conventional Kevlar fabric. In order
to further improve the protection performance of the body armor and to understand the
correct application of STF, this study used STF structures to replace some of the layers of
fabric in soft body armor. The results of the NIJ 0101.06 Class IIIA ballistic test showed
that a 2 mm STF structure could replace approximately 10 layers of Kevlar in a ballistic-
resistant layer. Finally, a high-strength composite laminate (13 cm × 13 cm) using the best
polyurea/Kevlar plates combined with the STF structure was more than 17% lighter and
thinner than the conventional Kevlar laminate. Further work needs to be carried out to
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obtain the optimal results. However, our research provides a promising way to fabricate
protective materials that can be applied in the future.
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Abstract: Polymer based textile composites have gained much attention in recent years and gradually
transformed the growth of industries especially automobiles, construction, aerospace and composites.
The inclusion of natural polymeric fibres as reinforcement in carbon fibre reinforced composites
manufacturing delineates an economic way, enhances their surface, structural and mechanical
properties by providing better bonding conditions. Almost all textile-based products are associated
with quality, price and consumer’s satisfaction. Therefore, classification of textiles products and
fibre reinforced polymer composites is a challenging task. This paper focuses on the classification of
various problems in textile processes and fibre reinforced polymer composites by artificial neural
networks, genetic algorithm and fuzzy logic. Moreover, their limitations associated with state-of-the-
art processes and some relatively new and sequential classification methods are also proposed and
discussed in detail in this paper.

Keywords: classification; fiber reinforced polymer composites; artificial neural network; fuzzy logic;
Sequential Monte Carlo methods

1. Introduction

Classification of textiles and polymer based nanocomposites by computer added
programs is relatively a new approach that develops the simulations of human brain in
the form of algorithms to solve complex problems. Machine learning is a subcategory of
artificial intelligence that provides the solution of various issues i.e., grading, classification,
defects detection, quality control, prediction and process optimization, through advanced
tools such as image processing, soft computing and computer vision algorithms. The adap-
tation of machine learning in textiles has aroused in recent years [1]. Durable, sustainable
and quality products are produced with the help of machine learning algorithms with min-
imal effort. These algorithms are essential parts of modern artificial intelligence systems
and researchers have been significantly used these systems for the betterment of textiles.
Therefore, machine learning based automatic fabric defects detection system are integrated
in modern textile machines to evaluate fiber grading, yarn quality and fabric performance.

Due to their economic benefits, textiles and polymers based composites have received
tremendous attention and researchers used them in various fields due to their excellent
mechanical, electrical and interfacial properties [2–6]. In terms of current research, the in-
terfacial performance of fibre/resin for composites was observed to be sensitive to the
actual service environment. The potential fibre/resin debonding may occur. In addition,
the fatigue resistance is a key advantage of textile-based composites compared to the steel
materials, that expands the application circle of composites in automobiles, aerospace,
oil extraction industry, civil and building industry [7]. A group of researchers worked
with the interfacial, mechanical and thermal properties of fibre reinforced composites and
reported interesting results [8,9]. Li et al. worked with interfacial shear strength of pul-
truded rod made of carbon/glass. They investigated the effect of hydraulic pressure and
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water immersion on interfacial properties. The results revealed that the hydraulic pressure
had positive impact on the interfacial performance of the carbon/glass composite and
conversely, water immersion reduced the interfacial strength of carbon/glass rod [10]. In a
recent study, Li et al. expanded their work on carbon/glass pultruded rod and investigated
the interfacial, thermal and mechanical properties at elevated temperature. They reported
that at elevated temperature, interfacial shear strength decreased with time for hybrid fibre
reinforced composites. Longer exposure led to more degradation and plasticizing as well as
hydrolysis observed due to the diffusion of water molecules [11]. In another study, Li et al.
worked with the mechanical properties and life service evolution of unidirectional hybrid
carbon/glass pultruded rod under harsh and elevated conditions. The results showed that
fibre/resin debonding occurred under longer exposure and overall mechanical, thermal
and interfacial properties decreased [12].

The use of machine learning in textiles, especially for classification, has shown its
potential exponentially in the current era [13,14]. Zimmerling et al. reported the application
of Gaussian regression algorithm to improve the geometrical shapes of fiber reinforced
textile composites. This method significantly improved the assessment criterion for fibre
reinforced plastics components. Based on the efficiency, they suggested machine learning
as an economical tool than finite element method, for the evaluation of textile processes [15].
In another work, Seçkin et al. reported a production fault in gloves industry. They used
time-series data for the simulation and forecasting of this problem and classified it with
different machine learning algorithms [16]. Ribeiro et al. proposed an automatic method to
predict different properties of woven fabrics based on design and finishing features [17].
Due to the complexities of their micro-structures and boundary conditions, the classification
of overall characteristics of textiles and polymer composites is still a challenging task even
for machine learning. Therefore, a highly efficient and accurate approach is required that
can predict the microscopic structural performance under different geometries. Apart
from the above discussion, hardware utilization and technical issues are two other major
constrains during the application of machine learning in textiles. However, to address
these problems, various machine learning and computer vision-based applications are
reported in the literature as deterministic and non-deterministic models. Mathematical
models, empirical models and computer aided models i.e., finite element method (FEM),
are deterministic models. However, genetic algorithm (GA), artificial neural network
(ANN), chaos theory (CT) and fuzzy logic (FL) are non-deterministic approaches. Figure 1
shows the difference between machine learning approaches and traditional deterministic
engineering models.

In recent years, considerable research efforts have been made to the development
of machine learning tools for classification, prediction and defects detection. Although,
the prediction and defects detection for textiles and polymer composites have been re-
viewed, the comprehensive review on the classification of fiber reinforced polymer com-
posites is still missing. Therefore, our motivation is to provide a detail description about
the used algorithms for fiber reinforced composites. This may help our readers to find
out best possible algorithm for their future research endeavours. We categorized the ap-
plications of machine learning and computer vision algorithms into four classes based
on standard textile manufacturing processes i.e., spinning, weaving, finishing and fiber
reinforced polymer composites. In each of these four classes, we elucidated the recently
reported work for defects detection, identification, classification and prediction by image
segmentation-based approaches, color-based approaches, texture-based defect detection
and by deep learning. In addition, we reviewed the limitations of existing state of the art
methods and proposed a possible future research direction in textile composites using the
sequential Monte Carlo methods.

After the introduction, this paper is organized in a following sequence: Section 2
focuses the utilization of machine learning in spinning, weaving, non-woven and textile
finishing applications. The following Section 3 provides the limitations of widely used
approaches. Section 4 explains the possibilities of future challenges for sequential Monte
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Carlo methods in textiles and polymer-based composites and the final Section 5 summarizes
the paper with few suggestions to overcome the future challenges. Figure 2 explains the
scheme that elucidates the methodology of the proposed paper. The authors believe that
the approach delineates here opens up a new gateway for researchers to choose the best
suitable machine learning tool in order to work with textile substrates and composites.
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Figure 1. Comparison of machine learning approaches with traditional deterministic models.
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Figure 2. A schematic illustration of this study.
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2. Classification Based on Textile Processes

The necessity to process raw data and explore valuable information from it has become
essential in every field of science, engineering, business and medicine. In textiles, even
when a simple product e.g., a t-shirt is considered, bulk amount of data is generated from
raw materials, quality parameters and machine settings. The data could be nonlinear and
multivariable depend on the relationship between fiber properties and yarn properties or
between fabric performance and machine settings. Moreover, improvements and innova-
tions in textiles with the introduction of technical textiles have occurred with exceptional
performance expectations at extreme conditions e.g., against sun, cold, impact, knife, bullet
and microorganisms [18,19]. Therefore, the demand for data processing and discovery of
valuable information from this data is continuous in textile industry. Many traditional mod-
els e.g., statistical and mathematical, have been reported in numerous studies to process
textile data. However, these classical models remain incapable of discovering the complex
relationship between the variables. To solve this challenge, machine learning models are
implemented in almost all areas of textile engineering. In textile processes, the trend of
reported literature elucidates that the researchers tried to establish a critical relationships
among essential parameters of fibers, yarns and fabrics. Machine learning algorithms are
robust and powerful tools for modeling and solving complex and nonlinear applications.
In this context, Majumdar published a book on soft computing in textile engineering [20].
This book compiled various research studies based on ANN and FL approaches during
yarn modelling, fabric manufacturing, garments modelling by FL, composites modelling
for quasi-static mechanical properties, viscoelastic behaviour and fatigue behaviour using
ANN, textile quality evaluation using image processing, ANN and FL approaches.

ANN has been widely studied for textile data since last decade and helped the re-
searcher to get better efficiency for fiber classification, defect detection, prediction and
modeling of yarn, fabric, color matching, color separation and their coordinates conver-
sion [21]. Vassiliadis et al. introduced a comprehensive overview of ANN applications
in fabric manufacturing [22]. ANN had been successfully utilised for fibrous properties
(classification of fibers, color grading, selection of cotton bales, identification of control
parameter), yarns parameters (detection of faults, prediction of tensile properties and
shrinkage) and for fabrics properties (defects detection, prediction of thermophysiological,
sensorial and comfort properties, bursting of woven and knitted fabrics).

The literature discussed above provides an overview of machine learning till 2011.
Therefore, we will present a review of recent advanced works in this field. In this section,
we categorized the textile applications using machine learning algorithms into four classes
based on standard textile-based processes i.e., spinning, weaving, finishing and fiber
reinforced polymer composites.

2.1. Classification Based on Yarn’s Production

Yarn is generally considered as a primary element for the manufacturing of high
quality textiles and in recent years, numerous studies were conducted on the classification,
modeling and prediction of essential yarn parameters as given below:

2.1.1. Fibre Maturity

Fibre maturity is an important and significantly crucial parameter especially when the
researchers deal with yarns properties and desire excellent final product. In general, fibre
maturity is considered as a functional and primary building block of any good textile prod-
uct. Therefore, many researcher worked with the prediction of fibre maturity. Farook et al.
proposed that ANN algorithms are excellent prediction tools in order to predict cotton
fibre maturity [23]. They selected various fibre characteristics as an input variables and
analysed fibre maturity as an output variable. The simulation results showed that ANN
predicted cotton fibre maturity was higher when compared with the experimental values.
However, there was no optimal result in this application.
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2.1.2. Yarn Crimp

Malek et al. evaluated the performance of ANN for the prediction of yarn crimp
in woven barrier fabrics [24]. They performed two experiments to predict yarn crimp.
The purpose of both experiments was to predict the crimp in warp yarn and weft yarn
respectively. The input variables were weave style, density of warp and weft yarns, fibre
and filament fineness, shed time and loom speed. However, the only exception in the
second experiment was the replacement of yarn fineness with filament fineness. ANN
results showed good results for the prediction of yarn crimp with the exception of two small
deviations between actual and predicted output. In a different work, Majumdar et al. intro-
duced mathematical, statistical and ANNs models to predict breaking force at elongation of
ring-spun cotton yarns [25]. The inputs for these three models were yarn count and cotton
fiber properties. ANN model provided a better prediction performance compared to the
statistical and mathematical models. Later, they reported the implementation of a hybrid
neuro-fuzzy system for the prediction of yarn strength [26]. The results were compared
with standard ANN and regression models for prediction accuracy. ANN showed better
prediction results than others.

2.1.3. Yarn Types

Before the production of yarn, the prediction of quality parameters is important to
overcome production faults. In an experimental study, Almetwally et al. used ANN and
linear regression for the prediction of core spun yarn strength, elongation and rupture [27].
The results showed that ANN models provided significantly accurate prediction for yarn
strength. Recently, Doran et al. reported the utilization of ANN and support vector
machine (SVM) methods to avoid faulty fabric production [28]. In addition, they used
statistical tools i.e., analysis of variance (ANOVA) and principal component analysis (PCA)
to overcome input dimensions. The test results showed that both ANN and SVM methods
provided effective predictions for yarn quality characteristics. However, SVM showed
slightly better results than ANN for mean absolute percentage error (MAPE) and coefficient
of correlation (R).

2.1.4. Yarn Tenacity

Dashti et al. worked with yarn tenacity through ANN and produced a decision
support system by applying GA [29]. Experimental results showed that ANN offered
an accurate prediction for yarn tenacity with less than 3.5% error. In addition, GA was
applied to obtain optimal input parameters for yarn production. The obtained tenacity was
greater than the desired tenacity, therefore, a reduction in production cost was observed.
The implementation of this strategy was useful to find good input conditions in order to
achieve desired tenacity.

2.1.5. Yarn Strength Utilization

Mishra used ANN models during the production of cotton fabric for the predic-
tion of yarn strength utilization [30]. The selected input parameters were yarn counts,
initial crimps, total number of yarns and yarn strengths in longitudinal and transverse
directions along with the weave float length. The experimental results showed that yarn
strength utilization percentage increased with an increase in yarn number in both directions.
However, a decrease in crimp percentage and float length was observed. Mozafary et al.
proposed a combined approach, where they used K-means algorithm for data clustering
and ANNs for defects detection i.e., yarn unevenness [31]. The feedforward ANN and
Levenberg–Marquardt training function of back propagation were applied in this method
and the effectiveness was demonstrated by a comparative analysis with standard ANN
results. In an experimental study, Malik et al. applied a back propagation ANN to analyse
the prediction efficiency of used model for tensile properties of even and uneven yarns
extracted from polyester-cotton blend [32]. The selected parameters were twist multiplier,
cot hardness and Break draft ratio. The reported results of linear regression and ANN
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for tensile properties were compared with standard methods. El-Geiheini et al. worked
with different types of yarns and used ANN and image processing tools for modeling
and simulation of yarn tenacity and elongation [33]. They reported that the proposed
techniques were suitable for the estimation of various yarn properties with minimum error.
In another study, Erbil et al. used ANN and regression tools for tensile strength prediction
of ternary blended open-end rotor yarns [34]. They applied multiple linear regression
(MLR) and trained ANN algorithm with Levenberg–Marquardt backpropagation function.
Furthermore, they compared both models for prediction efficiency. The results demon-
strated that ANN models gave better prediction output than MLR for both parameters
i.e., breaking strength and elongation at break.

2.1.6. Yarn Twist

Yarn twist i.e., S twist, Z twist etc., is another important and noteworthy parameter in
order to estimate end product’s performance. Therefore, different researcher worked with
this variable and reported interesting results. Azimi et al. used ANN in order to predict
twist type for textured yarns [35]. They investigated the effects of heater temperature,
texturing speed and the effects of twist type on yarns crimp stability for hybrid yarns.
The testing results demonstrated that ANN models were excellent for the prediction of
yarn properties under selected variables.

2.2. Classification Based on Fabric Manufacturing

In this part, we classified the use of machine learning tools into three categories based
on fabric manufacturing methods i.e., weaving, knitted and non-woven.

2.2.1. Weaving

The process of weaving is based on interlacing of yarns in warp and weft directions.
However, with time, textile woven structures have become more and more complex by the
addition of diagonal yarns in interlacing. Therefore, prediction of woven textiles is now a
complex task that requires accumulated empirical knowledge about various parameters
of woven textiles. Some of those variables are listed below where researchers performed
machine learning algorithms to gain better performance and utilization of woven textiles.

Fabric Type

Woven structures are the mostly used structures not only in textile production but
also in composites [36–41]. Ribeiro et al. proposed an automated machine learning method
to predict the physical properties of woven fabrics based on finishing features and textile
design. They investigated nine different properties including pilling, abrasion and elasticity
and reported improved prediction results for all properties with low prediction error. They
applied Cross-Industry Standard Process for Data Mining (CRISP-DM) iterations, where
every iteration was based on the verification of standard input parameters. At CRISP-DM
stage, an automated machine learning (AutoML) algorithm was performed to choose
optimal regression model among six different machine learning algorithms. The results
demonstrated that significantly better output was achieved by the selected codes for
fixed sequence of yarns and fabric finishing treatment [17]. In an experimental study,
Hussain et al. proposed a novel machine learning algorithm depends on transfer learning
and data augmentation in order to recognize and classify the complex patterns of woven
textiles. The texture and pattern of textiles are considered as essential factors to design
and produce high-quality fabrics. The proposed algorithm worked with residual network
through which textures of woven fabric were extracted and auto classified as an end-to-end
manner. They suggested that the reported results would be effective even all of the fabric
properties are altered [42].
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Fabric Pilling, Drapability and Wrinkle Recovery

Fabric pilling, drapability and wrinkle recovery are the aesthetic properties of tex-
tiles and considered as performance indicator of textile fabrics for quality evaluation.
Eldessouki et al. applied adaptive neuro-fuzzy models (ANFIS) for the evaluation of
pilling resistance of woven fabrics. In this proposed approach, they classified the selected
samples on the basis of texture patterns and compared their results with standard method
of pilling resistance for correlation [43]. Xiao et al. predicted cotton-polyester fabric pilling
with ANN (Back-propagation approach) and then used GA for optimization of their results.
The optimized results revealed that GA algorithms were better in terms of root mean square
error (RMSE), MAPE and mean absolute error (MAE) compared to ANN [44]. Drapability is
one of the most important aesthetic properties that plays crucial role in providing graceful
effects to textile fabrics. Drapability depends on experience and skills of humans and is
judged subjectively. It renders the complexities during drape comparisons particularly
when judged by different persons. Taieb et al. used ANN for the prediction of fabric drape
ability under low stress. They reported that the application of ANN for the prediction of
aesthetic properties including drapability is a promising one and is physical factors played
crucial role during the prediction of fabric drape ability [45]. Hussain et al. compared
ANN with adaptive neuro-fuzzy inference system (ANFIS) during the evaluation of fabrics
wrinkle recovery [46]. They found that for both types of algorithms, the input conditions
suitable for better wrinkle recovery were linear densities of both warp and weft sides.
However, the suitable output variables were crease recovery angles of warp and weft yarns.
The results demonstrated that simulation performed by ANN produced slightly better
results than ANFIS with significant accuracy percentage. However, ANFIS process was
more useful while drawing surface plots among variables. ANN algorithms do not have
this feature.

Fabric Comfort Properties

Comfort evaluation is a noteworthy parameter in terms of fabric overall perfor-
mance [47–51]. Majority of machine learning algorithms were applied on fabric’s ther-
mophysiological and sensorial comfort. Malik et al. used ANN algorithm to predict
woven fabrics thermophysiological property i.e., air permeability with respect to fabric
construction, raw materials involved during production and process variables [52]. ANN
algorithm was trained with feedforward neural function under a hybrid back propagation
method composed of Bayesian regularization and Levenberg-Marquardt function. Sim-
ulation results showed that the proposed model provided promising results on test data
with lower MAE. In addition, Malik et al. employed another ANN algorithm to show a
relationship between loom parameters, used material and construction of fabric in terms
of porosity, mean pore flow, mean pore size with air permeability [53]. The experimental
result showed that ANN algorithms were excellent for the prediction of comfort properties
with minimal error. Wong et al. applied a hybrid approach that combined ANN and
fuzzy-logic for overall prediction of clothing comfort by considering physical properties as
input variables [54]. Simulation results provided maximum correlation coefficient.

Optimization

Optimization of process variables in order to reduce cost and improve production
efficiency is another important factor in textiles. Therefore, many studies were carried
out to investigate the process of optimization. Xu et al. combined differential evolution
and Kriging surrogate algorithms to study the optimization of enzyme washing and
production cost incurred on indigo dyed cotton [55]. They selected Taguchi L16 orthogonal
array algorithm for optimization and applied it in their study. temperature of bath and
concentration of enzymes were chosen as input variables and enzymatic washing as output
response. Kriging model was used to analyse the relationship between variables and results
revealed that the applied method was significantly efficient for the optimization of overall
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cost and can be further utilized in the analysis of mean square error, absolute error and
relative error.

2.2.2. Knitting

Knitting is another important production method in which prediction and mod-
elling of knitting parameters are significantly complex tasks due to diversified variables
i.e., knitted structures, knitting machine variables and selected yarn attributes etc. Several
researchers have used different soft computing and machine learning algorithms to predict
knitted fabric’s comfort properties, spirality, pilling, bursting strength as well as other
aesthetic and physical properties.

Fabric Type and Pilling Behaviour

Pilling is a serious fault in textile production especially in knit wear. Therefore,
machine learning is a useful tool to forecast pilling behaviour of knitted fabric. Unal et al.
selected single jersey knitted fabrics for the evaluation of air permeability and combined
ANN algorithm with regression methods for the prediction of bursting strength of knit
structures [56]. Implementation of results showed that both methods were able to predict
the properties of knitted fabrics. However, ANN had a slightly positive edge when
used for prediction. Yang et al. identified knitted fabric pilling behaviour by modifying
ANN into deep principle components analysis-based neural networks (DPCANNs) [57].
In DPCANNs, principle components automatically tracked down the fabric initial and
after pilling test properties and then neural network was applied to evaluate pilling grades.
The obtained results revealed that DPCANNs had above average classification efficiency
for pilling behaviour of knitted fabric. Another important work using ANN was performed
by Kayseri et al. where pilling tendency was predicted by selecting fabric cover factor
as an input parameter [58]. They observed that by changing cover factor, fabric pilling
was controlled to a greater extent. In this study, they concluded that pilling behaviour
was the outcome of pilling grade, mean pilling height as well as covered pilling area.
They reported that used algorithms had very good prediction power in determining fabric
pilling behaviour.

Prediction of Comfort Properties

Fayla et al. applied ANN algorithm on knitted fabrics to predict thermal conductiv-
ity [59]. They selected yarn conductivity, porosity, fabric weight and air permeability as
input conditions. The results revealed that ANN algorithm predicted the thermal con-
ductivity with significantly high correlation coefficient. Majumdar used ANN to predict
the thermal conductivity of cotton, bamboo and their blended yarns. The input variables
were bamboo fiber proportion, linear density of yarn, thickness of fabric and areal density.
The correlation coefficient of this study very high [60]. Knanat et al. used ANN for the
prediction of thermal resistance of wet knitted fabrics [61]. Here, they used two different
ANN networks for the prediction of thermal resistance. In the first network, the input
variables were moisture content, yarn, fiber and fabric parameters. However, in the second
network, input variables were yarn, fiber and fabric parameters, and the output response
was thermal resistance under varying moisture level. The results from both networks
showed efficient prediction of thermal resistance. Mitra et al. used ANN for the prediction
of thermal resistance of handloomed cotton fabric [62]. The input fabric parameters were
picks per inch (PPI), ends per inch (EPI), weft and warp count. The results revealed that
used ANN algorithm achieved good prediction efficiency for thermal resistance under low
MAE values. In addition, EPI, warp count and weft count were major contributors for the
evaluation of thermal resistance.

2.2.3. Nonwoven

Machine learning algorithms have gained tremendous importance during the last few
years to enhance productivity of nonwoven textiles by predicting various important param-
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eters i.e., dimensional change, pilling behaviour and optimization of variables. Wang et al.
measured the pilling of nonwoven fabrics using wavelet analysis [63]. The results demon-
strated that wavelet analysis was quite similar to traditional method for pilling evaluation.
Kalkanci et al. estimated fabric shrinkage by applying ANN algorithm inside relaxation
methods [64]. Thermofixing, sanforizing, drying and washing were important processes
applied on fabrics during finishing . Dimensional changes were predicted at the end of fin-
ishing processes by ANN. Two-layer feedforward perceptron function was used for ANN
algorithm to evaluate the width of dimensional change. The experimental results showed
that ANN gave better prediction results for dimensional change. Abhijit et al. applied a
combination of GA and ANN as a hybrid algorithm to predict the comfort performance
and the range of ultraviolet protection factor (UPF) [65]. ANN was applied as a prediction
tool and GA was utilised as an optimization tool. For experimental purpose, a set of four
samples were selected for the evaluation of functional properties. The proposed ANN–GA
method was carried out until the required results were achieved. The results achieved by
this method were in good agreement with the standard methods.

2.3. Classification Based on Finishing Processes
2.3.1. Handle Modifications (Softness and Stiffness)

Modification of textile end product by applying softeners and stiffeners is necessary to
improve the aesthetic properties. The selection of these materials attracts the scientists and
researchers to build and train special machine learning algorithms, special mathematical
models and soft computing tools. Farooq et al. used ANN to predict the shade change of
dyed knitted fabrics after finishing application [66]. The inputs were the shade percentage,
dye color and finishing concentrations. The output was delta values with respect to
standard samples. Simulations results showed that ANN provided high prediction accuracy
for shade change that occurred during finishing with minimal value of error between actual
and predicted values.

2.3.2. Functional Coatings

Malik et al. used ANN for the prediction of antimicrobial performance of chitosan/AgCl-
TiO2 coated fabrics. The input variables were curing time and concentration of colloids [67].
Samples were developed with different blends of selected colloid under different curing
time. Feedforward ANN was trained under a hybrid combination of Bayesian regularization
and Levenberg Marqaurdt algorithms. The testing results had an acceptable MAE during
network training. Furferi et al. introduced a novel ANN algorithm for the prediction of
coating process on textile fabrics [68]. Testing results demonstrated the significance of ANN
model for coating mechanism. Ni et al. proposed a novel online algorithm that detected
and predicted the coating thickness of textiles by hyperspectral images [69]. The proposed
algorithm was based on two different optimization modules i.e., the first module was called
extreme learning machine (ELM) classifier whereas the second one was called a group of
stacked autoencoders. The lateral module was designed to take data from hyperspectral
images. However, ELM module optimized by a new optimizer known as grey wolf optimizer
(GWO). GWO was used to determine the number of neurons and weights to get more accuracy
during classification. The results explained that online detection performance significantly
improved with a combination of VW-SAET with GWO-ELM that provided 95.58% efficiency.

2.3.3. Fabric Defects and Detection

Fabrics are occasionally the end product of any textile manufacturing process and
fabric defects inspection is very important in terms of post manufacturing processes
i.e., marketing, merchandising and branding. In a simple term, Fabric defects detection
is a crucial process applied to control the quality of textile production. Machine learning
algorithms have also played their role in this detection/inspection process. The most
famous machine learning tools used in defects detection are ANN and image processing
algorithms that have been applied for defects detection and grading of woven, knitted and
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nonwoven textiles. Hanbay et al. presented a literature review about the methods used
for the detection of fabric defects and explained that detection methods had several types
including structural, hybrid, spectral, model-based and statistical [70]. Czimmermann et al.
presented a detail review based on automatically detection of fabric faults and fabric
defect [71]. Rasheed et al. reported a comprehensive study on faults detection methods
of textiles [72]. The widely used detection methods are based on image segmentation,
color coordinates, frequency domain, texture-based, image morphology operations and
deep learning. Eldessouki et al. applied a defects detection method composed of a hybrid
combination of sepctral (Fourier transform) and (spatial) statistical functions that detected
the fabric defects from images [73]. They applied component analysis to overcome input
characteristics of selected datasets. The use of PCA in this application increased the
classification rate. Liu et al. proposed an algorithm composed of low-rank decomposition
and multi-scale convolution neural networks for defects detection [74]. Convolution
neural networks were applied to extract multiple characteristics of defects from images
for the improvement of image characterization ability to deal with complex textures.
However, low-rank decomposition tool was established to analyze matrix characteristics
for background (low-rank part) and for (salient defects). Furthermore, the salient defects
map produced by sparse matrix was further diversified under threshold to localize the
defected area of fabric. The test results showed that extracted features by neural network
were accurate enough to analyse fabric texture than traditional standard methods i.e., local
binary pattern and histogram of the oriented gradient.

Many other researchers utilised machine learning algorithms for defects detection.
Sezer et al. applied independent component analysis (ICA) for defects detection at block
level using a sample image [75]. They reported that this method provided satisfactory
results for plain weave fabrics. However, for twill and texture weave patterns, this method
is not generalized yet. Yapi et al. proposed redundant contourlet transform (RCT) method
for defects detection [76]. A finite mixture of generalized Gaussians (MoGG) was used
for modeling RCT coefficients that constituted statistical signatures to differentiate the
defected fabric from defect-free fabric. The proposed approach was based on three steps:
(1) detection of basic pattern for image decomposition and signature calculation, (2) dis-
crimination between defected and defect-free fabric through Bayes classifier (BC) based
on labeled fabric samples, and (3) detection of defects during image inspection by testing
local patches. Experimental results revealed that the used approach achieved good results
compared to ICA, local binary patterns (LBPs) and slope difference distribution (SDD).
Li et al. proposed Fisher criterion-based deep learning algorithm for defects detection of
patterned fabrics [77]. A Fisher criterion-based stacked denoising method was used for
fabric images to classify into defective and defect free categories. The experimental results
showed that the accuracy of proposed method was excellent for patterned fabrics and
more complex jacquard warp-knitted fabric. Han et al. proposed the stacked convolutional
autoencoders for defect detection [78]. The autoencoders were trained through synthetic
defected data and non-defected data by using expert-based knowledge of defect character-
istics, where, input was used as a defected image produced artificially and output was the
corresponding clean image. Jeffrey Kuo et al. detected the following four defects in embroi-
dery textile patterns i.e., stitch missing, joint defect, yarn floating knit and unregistered
defect recognition [79]. The results demonstrated that the applied procedure was more
effective than back propagation for detects detection as it took less time to train the net-
work. Huang et al. used machine learning tools and image analysis for pilling assessment
of fleece [80]. The applied methods were discrete Fourier transform, Gaussian filtering
and Daubechies wavelet, for the extraction of important features of image information
i.e., pilling area, pilling density and number of pilling points. ANN and SVM were used to
classify the textile grade. Experimental results showed that the use of Fourier-Gaussian
method improved the efficiency of classification for ANN and SVM. Table 1 elucidates a
comparison of related work for defects detection in textile processes.
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Table 1. A comparison of previously performed work for defects detection in textile processes.

Proposed Models Purposes Methods Major Findings Authors

Gabor filters and
pulse coupled
neural network
(PCNN)

Fabric defect detec-
tion for of warp
knitting fabrics

Enhanced the image contrast
using Gabor filters and they
applied PCNN for segmenta-
tion purpose

Results of the experiments have
demonstrated that the proposed
PCNN with Gabor has higher de-
tection accuracy (98.6%)

Li et al. [81]

Convolutional
neural networks
(CNN)

Automatic quality
control for fiber
placement manu-
facturing

A pixel-by-pixel classification
has been created for the de-
fects of the whole part scan

Simulation results showed that
the proposed strategy failed to
achieve satisfactory results due to
their small training dataset (con-
front with over-fit problem)

Sacco et al. [82]

Fuzzy ARTMAP
neural network

Evaluation of yarn
surface qualities
based on the
extracted features

Wavelet texture analy-
sis, attention-driven fault
detection, and statistical mea-
surement are used to extract
the characteristic features
of yarn surface appearance
from images. and a fuzzy
ARTMAP neural network
is employed to classify and
grade yarn surface quali-
ties based on the extracted
features.

The experimental results showed
that the fuzzy ARTMAP achieved
superior results to classify yarn
surfaces compared to ANN and
SVM

Liang et al. [83]

CNN Fabric defect detec-
tion

Mobile-Unet is used to im-
prove the performance of
CNN

Experimental results showed that
the detection speed and the seg-
mentation accuracy in the pro-
posed method achieve powerful
performance compared to SegNet
and U-net

Jing et al. [84]

CNN Fabric defect detec-
tion and classifica-
tion system

(1) Prototyped an advanced
image acquiring model using
National Instruments NI Vi-
sion; (2) Train the CNN us-
ing standard textile fabrics. (3)
Testing fabrics are examined
by the trained CNN.

The experiment work produced
good accuracy in defect detection
compared to the Bayesian classi-
fier and SVM methods. In addi-
tion, it provided better processing
and classification on defective pat-
tern variation in patterned fabric

Jeyaraj et al. [85]

CNN Fabric texture de-
fects classification

Compressive sampling theo-
rem is used to compress and
augment the data in small
sample sizes

The classification results of the
proposed model achieved higher
accuracy 97.9%compared to KNN,
ANN and SVM

Wei et al. [86]

Deep convolu-
tional generative
adversarial net-
work

Localize the sur-
face defects for wo-
ven fabrics

A new encoder block was
used to reconstruct query im-
age with normal texture and
no defect

The experiments results showed
that the proposed approach is not
sensitive to image blurring or illu-
mination changes. In addition, it
has high flexibility and high detec-
tion accuracy for different types of
texture structures and defects.

Hu et al. [87]

2.4. Classification Based on Textile Polymer Composites

Composites are the most promising class of versatile and durable materials of modern
age. Machine learning algorithms reduce time, cost and effort to search optimal conditions
for selected variables of composite structures. Therefore, machine learning is an essential
and effective tool for a comprehensive evaluation of composites. Machine learning is used
to solve complex numerical and applied problems in composites. In general, the fabrication
of fiber reinforced composites is considered more challenging than other anisotropic struc-
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tures. Sapuan et al. presented a book on ANN applications for composite materials [88].
They reported the use of ANN for numerous tasks such as defects detection in compos-
ites and polymeric structures, localization of carbon fiber–reinforced plastics and perspex
plates, prediction of mechanical behavior, aging cycles evaluation, fatigue life prediction
and prediction of composites life under loading. Muzel et al. presented a comprehensive
review on the applications of finite element method for composite materials, failure criteria,
material properties and types of elements in aeronautics, aerospace, naval, automotive,
energy, sports, civil, manufacturing and electronics [89]. Dixit et al. introduced a review on
modelling approaches for the prediction of mechanical properties of textile based compos-
ites using finite element method [90]. However, there are many important parameters need
to investigate for the development of new algorithms for composite materials. Therefore,
In this study, we will discuss these variables in detail and propose new methods to develop
machine learning algorithms for textiles and composite structures. Schimmack et al. used
Extended Kalman Filter (EKF) algorithm as a virtual sensor for temperature detection,
composed of metal-polymer fibre based heater structure [91]. The main purpose of this
algorithm was to control temperature in case of overheating or in any other emergency
condition. The results revealed the accuracy of proposed approach. In another study,
Gonzalez et al. used CNN for the identification of flow disturbances of dissimilar materials
in composites production [92]. Specifically, CNN was applied to detect the position, size
and permeability of any embedded material on the surface of mould. In CNN, the region of
dissimilar material was selected as an input variable in order to recognise disturbance flow.
Altarazi et al. applied multiple algorithms at a time to predict and classify tensile strength
of polymeric films of different compositions. The used algorithms were stochastic gradient
descent (SGD), ANN, k-nearest neighbors (kNN), decision tree (DT), regression analysis,
SVM, random forest (RF), logistic regression (LoR) and AdaBoost (AB) [93]. Experimental
results demonstrated that SVM algorithm showed better prediction results. In addition,
the results revealed that the classification ability of used algorithms was excellent for
sorting films into conforming and non-conforming parts. Balcioglu et al. compared finite
element analysis with machine learning algorithms (DT, KNN, RF, SVR) for fracture analy-
sis of polymer composites [94]. Fracture behavior of laminated composites reinforced with
pure carbon, glass and carbon/glass composition were tested and compared with standard
samples. The RF algorithm showed the best result with lower MSE values compared to
other algorithms.

2.4.1. Fiber Reinforced Polymer Composites

The use of natural fibers as a reinforcement in polymer composites has gained com-
mercial success in terms of durable, economical and environmentally friendly materials.
Khan et al. investigated the mechanical properties of cross-ply laminated fibre-reinforced
polymer composites. They developed model for the prediction of mechanical properties
using ANN [95]. The composite samples were developed by altering glass fibre layers with
carbon fibre layers and polyphenylene sulphide with high-density polyethylene. The fibers
were used as reinforcement and polyphenylene sulphide was used as a polymer matrix.
Mechanical properties i.e., hardness, flexural modulus, impact and rupture strength were
investigated for both directions. The input variables for ANN model were material type,
matrix layers, composition and number of reinforcement. Simulation results showed that
ANN predicted the mechanical properties with low MAE. In a study, Boon et al. provided a
literature review on recent advances in optimization and design of fiber-reinforced polymer
composites [96]. They stated that the best approach to provide accurate results was deep
learning (DL). He et al. proposed a delamination detection approach for the detection of lo-
cation, size and interfacial bonding of delamination in fiber-reinforced polymer composites.
This method was based on frequency changes in multiple modes [97]. They employed a
combination of different algorithms i.e., support vector machine, extreme learning machine
and back propagation neural network for the detection of delamination parameters. Experi-
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mental results showed that SVM algorithms provided excellent prediction and classification
performance as compared to other two algorithms.

Carbon fiber reinforced polymer composites (CFRP) are the most durable and promis-
ing modern age composite materials. By applying machine learning algorithms, researchers
significantly reduced cost, efforts and time to determine optimal design points and process
variables to develop CFRP structures. Mathematical modeling together with machine
learning algorithms provide comprehensive analysis of CFRP structures. Matsuzaki et al.
proposed an approach for state estimation and material properties of thermoset CFRP by
using data assimilation [98]. Thermosetting simulation based on a non-linear state-space
model that utilise ensemble Kalman filter (EnKF) for the estimation of state using data as-
similation. This method estimated the degree of curing and the distribution of temperature
model with thermal conductivity distribution. Simulation results showed that EnKF was
successful in the estimation of the state of thermal conductivity distribution and model
parameters. However, the estimation of thermal conductivity in complex distributions is
still a challenging task. After the effectiveness of EnKF to estimate various CFRP thermoset
molding attributes, they applied EnKF for the estimation of internal temperature during
curing [99]. In this application, they selected three samples with altered thermal conductiv-
ity. The experimental results validated the efficiency of this approach using these types
of specimens. Figure 3 shows a typical problem-solving method under machine learning
algorithms validated for numerous types of fiber reinforced polymer composites including
CFRP, glass fiber reinforced polymer composites (GFRP), basalt fiber reinforced polymer
composites (BFRP) and aramid fiber reinforced polymer composites (AFRP).

Nanomechanical PropertiesSurface Chemistry
Establish 
Structure
-Property
Relations

Machine Learning

New dataDatabase

Classification

Oxidative 
functionalization

Polymer sizing 
functionalization

Carbon nanomaterials 
functionalization

Descriptor 
matrix

Reinforcement 
learning

Model 
deployment

Figure 3. Summary of machine learning procedure validated for fiber reinforced polymer composites
including CFRP, GFRP, BFRP and AFRP etc. [100].

Gonzalez introduced different mathematical models to detect nonlinear flexural de-
formation of CFRP based on stiffness level in compression and polymer matrices under
different strength [101]. The study further presented modeling of different properties of
fiber reinforced composite beams [102]. The proposed mathematical model described
nonlinear elastic three-point bending of isotropic and reinforced beams under stiffness
and strength levels. The obtained results revealed that nonlinear properties of reinforced
materials and polymer matrices carefully investigated when designing real structures.
Zhang et al. predicted the delaminations through Gaussian process regression (GPR) algo-
rithm for CFRP composites during drilling [103]. Taguchi and GPR approaches explained
that more data set were required for the extraction of optimal variables from fewer experi-
mental trials. Konstantopoulos et al. used nanoindentation mapping data with machine
learning algorithms to identify interfacial reinforcement [100]. Normalization and k-means
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clustering were applied to process data by filtering out from epoxy matrix. The used
processs was trained by ANN, support vector machines and classification trees. The in-
trinsic modifications at the interface of CFRP proved that machine learning algorithms
effectively patterned data and best fit can be obtained through SVM. Qi et al. employed
the decision tree (regression tree) model to establish a relationship between variables
properties and macroscopic variables of composite materials [104]. Here, representative
volume element (RVE) algorithms for single-layer and multi-layer CFRP were established
by a cross-scale FEM and periodic boundary conditions were loaded in order to verified
the obtained results. Table 2 illustrates a comparison of related work in fiber reinforced
polymer composites.

Table 2. Comparative study of related work in fiber reinforced polymer composites.

Proposed Models Purposes Methods Major Findings Authors

Deep neural net-
work (DNN) with
finite-element
method

Estimation of the
stress distributions
of the aorta

DNN model was constructed
and trained, where the input is
the results obtained by finite-
element analysis method and the
output was the aortic wall stress
distributions

Simulations results showed that the
proposed model was able to predict
the stress distributions with lower er-
ror and accurate surrogate of finite-
element analysis for stress analysis

Liang et al. [105]

Logical analysis of
data (LAD)

Process control tech-
nique applied to the
routing process for
CFRP

Monitoring and evaluating the
quality of the machined parts in
CFRP by controlling some ma-
chining features and parameters

Experimental work showed that the
proposed LAD outperformed ANN
in both accuracy of controlling and
monitoring variables

Shaban et al. [106]

Neural network re-
gression

Damage location de-
tection of the CFRP
composite plate

Process the signals obtained by
acoustic emission sensors in
CFRP composite

Experiments are applied on the com-
posite structure showed that the pro-
posed approach provided a good re-
sult in the estimation of localization
of damage signals comparing to the
actual sources

Zhao et al. [107]

ANN Prediction of damage
progression and fa-
tigue life in laser in-
duced graphene in-
terlayered fiberglass
composites

Investigation of the potential
of exploiting the piezoresis-
tive properties of laser induced
graphene interlayered fiberglass
composites

Simulation results showed that
piezoresistive laser induced
graphene interlayers provided
high prediction accuracy of fatigue
life in multifunctional composite
structures

Nasser et al. [108]

ANN, SVM and ex-
treme learning ma-
chine

Assessment of de-
lamination damage
in fiber-reinforced
polymer composite
beams

Machine learning algorithms
have been adopted as inverse al-
gorithms to evaluate the delami-
nation parameters

Experimental results demonstrated
that the SVM provided the best pre-
diction accuracy compared to ANN
and extreme learning machine algo-
rithms for delamination damage in
fiber-reinforced polymer composites

He et al. [97]

Generative kernel
principal component
thermography and
spectral normal-
ized generative
adversarial network

Defect detection
in carbon fiber re-
inforced polymer
composites

Extraction of nonlinear features
from thermographic data and
producing a number of informa-
tive thermographic data to im-
prove the defect detection

Testing results showed that the pro-
posed approach improved the detec-
tion accuracy of subsurface defects in
CFRP

Liu et al. [109]

Bayesian regularized
neural network

Weld quality classifi-
cation for ultrasonic
welding of CFRP

Proposing a feature selection
methodology that combines new
clustering overlap analysis with
Fisher’s ratio to improve the clas-
sification results

Simulations results in this applica-
tion showed that the Bayesian reg-
ularized neural network have higher
robustness and classification accu-
racy compared to SVM and kNN

Sun et al. [110]

2.4.2. Prediction and Estimation of Reinforced Fibrous Material

Schimmack et al. applied a prediction approach based on wavelet for defects detection
of any variable in a fiber reinforced polymer composite [111]. The applied algorithm
was based on variance estimation for the local Lipschitz constant of any received signal
over time. In addition, a modified recursive least squares (RLS) approach was applied to
evaluated the various attributes of conductive multifilament fibers used as reinforcement
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during production process. The results proposed that RLS algorithms were useful for the
estimation of time-varying sinusoidal disturbances as well as for inductance. Lui et al.
developed a new strategy to predict the initial failure strength criterion of woven fabric
reinforced composites based on micromechanical model by modifying deep learning neural
network (DNN) and mechanics of structure genome (MSG) [112]. MGS is used to perform
initial failure analysis of a square pack microscale model that trained the samples to detect
yarn failure criterion. The effectiveness of this strategy was confirmed by testing yarns
of mesoscale plain weave fabrics and fiber reinforced composite materials to compute
the initial failure strength constants. Soman et al. used a novel algorithm based on
Kalman Filter (KF) for load estimation in beam-like structures under complex loading [113].
Simulation results using experimental data showed that the used algorithm is efficient for
classification and monitoring strains in continuous welded rails. In addition, Soman et al.
used Kalman filter based neutral axis (NA) tracking algorithm for damage detection in
composites structures under varying axial loading [114]. The proposed scheme was applied
on a composite beam instrumented with fiber optic strain sensors. The change in neutral
axis location is utilized to detect delamination in beams. Simulations results showed
that the proposed formulation of KF for NA tracking provided more powerful use of NA
location in various applications. Hallal et al. introduced a review on analytical modeling
of elastic properties of textile composites [115]. Balokas et al. proposed FEM based
multiscale prediction algorithm combined with ANN for the prediction of elastic properties
of textile composites under different sources of aleatory uncertainty [116]. The results of
sensitivity analysis showed that the proposed algorithm provided good prediction results
for elastic yarn properties. Jiang et al. proposed an approach to predict elastic modulus
of fiber braided composites with uncertainties using vibration test data [117]. Reference
FEM was used for simulation of uncertain elastic parameters that reflected the dynamic
characteristics of a braided composites. Statistical analysis of uncertain parameters revealed
that uncertainties in elastic modulus can be identified by using modal data.

3. Limitations of the Proposed Techniques

The textile industry is benefited from machine learning tools by using them for
different applications like prediction, classification, performance simulation, structural
features modelling and image analysis etc. Table 3 summarizes mostly used machine
learning techniques by various researcher in textile based applications.

Table 3. Techniques used in textiles and fiber reinforced polymer composites.

Classes Techniques Applications

Yarn manufacturing ANN, FL, GA and SVM Prediction properties

Fabric manufacturing DL, ANN, FL, DE, GA,
SVM, DT, K-nearst, KNN,
RF and SVR

Prediction, classification
and recognition, optimiza-
tion, identification and
estimation

Finishing processes ANN and image processing
analysis

Prediction, defect detection

Textile based composites ANN, DL, KF, EKF, EnKF,
FEA, DT, KNN, RT and SVR

Prediction, defect detection,
control, classification, esti-
mation, tracking

In general, textile processes are mostly non-linear in nature. Therefore, it is difficult to
obtain analytic models for the technical design of fabrics due to the difficulties and com-
plex structure imposed by the raw materials. Therefore, most researchers applied ANN
in textiles during the confrontation nonlinear and multiparameter problems, without an
analytical solution. Furthermore, the use of ANN in textile data prediction, detection,
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identification and classification problems covers fabrics, fibers, yarns, color, wet processing
and garments. In addition, ANN has shown its potential as a successful tool for the pre-
diction of different textiles, fiber reinforced composites and in the evaluation of structural
properties of polymer composites. The most common ANN type used in textile industry is
multilayer perceptron that represents a class of feedforward ANN. A feedforward network
consists of single hidden layer and sigmoid activation function is used extensively to solve
textile processing problems. However, the limitations of ANN are: it is not applicable
outside the data range for which it is trained. In simple, the durability of ANN is limited
to the selected range of data. In addition, ANN cannot answer the relationship between
input and output variables i.e., ANN cannot predict why the selected input variables result
in a significant increase or decrease in output variables and vice versa. Textile processes
parameters prediction in a hybrid situation is a complex task for ANN because of highly
variable nature of natural fibers, spinning processes, functional materials and fabric end
use requirements. The shortcoming of ANN is the implicit nature of ANN models. Rather
than developing an explicit analytic expression i.e., linear or nonlinear, of input and output
variables, ANN processes the variables in order to gain iterative knowledge and store
it in the system. In such a case, ANN subsequently simulates the system and predicts
the results.

Fuzzy logic has been applied in various fields of textiles including the prediction of
melt-spun yarn count and tensile strength of fibers, classification of colored cotton into
different classes, automatic recognition of fabric weave pattern and intelligent diagnosis
system for fabric inspection. However, the use of fuzzy logic in a highly complex system
may become an obstacle to the verification of system reliability. In addition, validation
and verification of a fuzzy knowledge-based system need extensive testing with hardware.
Genetic algorithms are widely used to solve various problems in textile processing right
from fiber production to garment design and manufacturing. However, the major limita-
tions of GA are: it cannot guarantee to find an optimal solution and it is time consuming.
In addition, the solution quality deteriorates with the increase of the dimension of the
problem. The neuro-fuzzy hybrid model was applied in several cases for the prediction
of fiber, yarn and fabric properties. The prediction reliability of this hybrid model had
outperformed the conventional multiple regression model and the ANN model. Super-
vised learning techniques such as SVM, SVR, DT, k-nearst, KNN and RT were used for
classification, identification and prediction properties. However, the training for these
algorithms requires a lot of computation time. Recently, deep learning has been used in
some textile applications and has shown its performance in identification, defect detection
and prediction. Like every method, DL has some limitations. It requires large training data
to provide better performance than other methods. However, it has high computational
cost to train complex data models.

Kalman filter, ensemble Kalman filter, extended Kalman filter were used to estimate
and track the state of materials and their properties in fiber reinforced polymer composites.
Kalman filter provides optimal solution only when the state is linear with Gaussian model.
For nonlinear and non Gaussian state-space models, optimal estimation problems do not
typically admit analytic solutions. Therefore, a numerical method is needed to approximate
the state as EKF, EnKF and PFs. EKF relies on the linearization of nonlinear state and
observations, and this may result in an erroneous estimation of the state, and in a highly
nonlinear case, the filter may diverge. EnKF works better with the Gaussian model, and the
accuracy of its estimation depends on number of samples. These algorithms are not effective
when the model is highly non-Gaussian and/or nonlinear. The particle filters (PFs), also
called Sequential Monte Carlo (SMC), are able to proceed better in these situations. PFs is a
sequential Monte Carlo method to estimate the posterior density of the state in a sequential
manner, and does not make any assumptions about the linearity of the system model [118].
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4. Future Challenges

The main reason of machine learning algorithms shortcoming is to not fully utilization
of valuable and persistent information about the dynamics and physiology of system.
In majority of cases, the model structure of textile composites is related to physical informa-
tion that may not incorporated explicitly into machine learning algorithms. Physiologically
stable models, in contrast, for textiles and composites carry all available information re-
lated to system and underlying properties, can be developed using state-space framework.
In general, state-space hidden Markov models allow extremely flexible frameworks for
simulation and modeling of discrete time data. In a linear system with additive Gaussian
noise, an optimal estimation is provided using the Kalman filter [119]. However, the textile
application state-space models are highly nonlinear and may be non-Gaussian.

Sequential Monte Carlo (SMC) is a famous and reliable class of numerical methods
to evaluate optimal designs related problems in nonlinear non-Gaussian systems [118].
SMC is a powerful sampling tool that works with a set of random weighted samples in
order to predict the optimal solution. These samples are technically known as particles
that are utilized during the approximation of state density and statistics of interest [118].
Given enough particles, the SMC will always perform better than the EKF or EnKF, albeit
at the expense of computational requirements [119,120]. In addition, it provides the SMC
converges almost to the optimal solution [121]. Figure 4 illustrates a general schematic
layout of state estimation with data assimilation using SMC.

Numerical 
simulation

Simulation values, 
i.e., state variables

Measurement
Sensor

Data assimilation
Particle filters

State 
estimation

Figure 4. A general schematic layout of the state estimation method with data assimilation.

4.1. Classical Sequential Monte Carlo

We consider the following constrained discrete state-space model, where model repre-
sentation consists of a dynamical process that captures temporal evolution of system state.
As a result, the measurement model explains the relationship between the system state and
the system output.

xk+1 = fk(xk) + uk, (1)

yk = hk(xk) + vk, (2)

where xk is the state transition vector and yk is the measurement vector. fk and hk are
possibly nonlinear state transition and measurement functions, respectively. uk and vk are
the process and measurement zero-mean white noise sequences with known probability
density functions (pdfs) Qk and Rk, respectively.

In the Bayesian framework, the optimal inference of the state xk using the measure-
ment history y1:k = [y1, . . . , yk] relies on the posterior density p(xk|y1:k). Using Bayes’
rule, the posterior density can be computed recursively from the following prediction and
update steps:

p(xk|y1:k−1) =
∫

p(xk−1|y1:k−1) p(xk|xk−1) dxk−1, (3)
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p(xk|y1:k) =
p(yk|xk) p(xk|y1:k−1)∫

p(yk|xk) p(xk|y1:k−1) dxk
. (4)

In fact, the Equations (3) and (4) represent only a conceptual solution in the nonlinear
case, because the integrals defined are intractable.

Sequential Monte Carlo approximate the posterior density of the unknown state using
a set of N particles and their associated weights {x(i)k , w(i)

k }N
i=1:

pN(xk|y1:k) =
N

∑
i=1

w(i)
k δ(xk − x(i)k ), (5)

where δ represents the dirac delta function. In the ideal case, the particles required to
be generated from the true posterior p(xk|y1:k), which is unknown. Thereby, another
distribution named proposal distribution q(xk|xk−1, yk) is used to generate the particles [118].

The importance weight of each particle x(i)k is computed using:

w̃(i)
k = w(i)

k−1

p(yk|x(i)k )p(x(i)k |x
(i)
k−1)

q(x(i)k |x
(i)
k−1, yk)

, (6)

where the normalized weights are given by w(i)
k = w̃(i)

k /
N
∑

j=1
w(j)

k .

The conditional mean estimate of the state is then given by:

x̂k = E[xk|y1:k] ≈
N

∑
i=1

w(i)
k x(i)k . (7)

The weights of the particles may perish and thus require resampling [118]. The par-
ticles are resampled according to their weights, i.e., removing particles with very small
weights and duplicating particles with large weights. Thus, equal weights ( 1

N ) are assigned
to all selected N particles. The detailed steps of sequential Monte Carlo are presented in
Algorithm 1.

Algorithm 1 Classical sequential Monte Carlo

Initialization
for i = 1, 2, · · · , N do

Generate x(i)0 ∼ N (x(j)
0 , Rk).

Compute the initial weights using Equation (6) and normalize.
end for
Estimation
for k = 1, 2, · · · , T do

for i = 1, 2, · · · , N do
Generate sample x(i)k from the system dynamics model (1).

Compute weight using: w̃(i)
k = w̃(i)

k−1 p(yk|x
(i)
k ).

end for

Normalize particle weights w(i)
k = w̃(i)

k /
N
∑

i=1
w̃(i)

k .

Resample {x(i)k , 1
N }N

i=1.

Compute the weighted mean x̂k =
N
∑

i=1

1
N x(i)k .

end for
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4.2. Constrained Sequential Monte Carlo

Due to physical laws, kinematic constraints, mathematical properties such as target
speed restrictions and road networks, technological limitations, geometric considerations,
material balance, bounds on actuators and plants and maximum transmission capacity,
various dynamical systems are limited within restricted regions [122–124]. Generally, these
constraints may not indulged in state-space model without a major increase to avoid
model complexities [119,124–126]. Nevertheless, it is not straightforward to take into
account the physiological and modeling constraints on the state with SMC, due to the
complex nature of computations in SMC. The current trend in constrained sequential
Monte Carlo simply imposes the constraints on all particles of the SMC. These approaches
are: (1) The acceptance/rejection approach, which enforces the constraints by simply
rejecting the particles violating them [127,128]; (2) Constrained importance distribution,
which imposes the constraints on all particles or equivalently sample from a constrained
importance distribution [129–133]. The issue of how to impose the constraints -onto prior
particles (particles before resampling), posterior particles (particles after resampling) or the
estimated unconstrained conditional mean estimate- remains still open [129,134]. But these
approach underlies the fundamental assumption that constraints on the conditional mean
estimate (given in Equation (9)) can be effectively substituted by the same constraints on
all particles. However, this is not true in general. It has been referred to these approaches
as Point-wise Density Truncation (PoDeT) methods [135]. It was recently shown that such
schemes result in incorrect estimate or irrelevant constraints altogether [135,136].

We consider a general constraint of the form [135,136]:

ak ≤ φk(x̂k) ≤ bk, (8)

φk indicates the constraint function at time k. It is important to affirm that the constraint
must only be satisfied by the state estimate provided by the conditional mean, defined
as follows:

ak ≤ φk(x̂k) = φk(E[xk|Yk]) ≈ φk

(
N

∑
i=1

w(i)
k x(i)k

)
≤ bk. (9)

Recently, Amor et al. derived the optimal bounds of PoDeT [135]. They revealed
that error estimation was bounded by the area of state posterior density that had not
included constraining interval. Specifically, if most of the density lies within the interval,
i.e., the density is well-localized in the constraining interval, then the PoDeT estimation
error will be small. However, if a high probability region lies outside of the interval,
i.e., the density is not well-localized in the constraining interval, then the PoDeT estimation
error will be large [135]. Therefore, Amor et al. proposed a new algorithm referred
as “Inductive Mean Density Truncation” (IMeDeT), which inductively samples particles
that are guaranteed to satisfy the constraint on the mean of the unknown state [137].
The details the steps of IMeDeT algorithm are presented in Algorithm 2. They evaluated
the robustness of the proposed algorithm on the dynamic brain source localization problem
using EEG data. In addition, Amor et al. introduced a novel constrained particle filter
algorithm called as “mean density truncation” (MiND) and established its convergence
properties [136,138]. MiND is based on the principle of minimal perturbation strategy
such that the constrained posterior density is “close”to the unconstrained posterior density.
Specifically, they imposed the constraint on the mean of the unknown state by perturbing
the unconstrained posterior density using only one particle. The details the steps of MiND
algorithm are introduced in Algorithm 3. To assess the performance of the proposed
algorithm, they applied MiND to solve the problem of movement identification for forearm
prosthetic control using the non-negative synergy activation coefficients. The proposed
algorithm provided an accurate result with error rates significantly lower than the state-of-
the-art in the literature.

Many real-world applications in textile engineering and polymer composites [139–141],
may take benefits from this research, i.e., constrained state estimation for nonlinear and
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non-Gaussian dynamical systems. The main objective of this paper is to emphasize the use of
sequential Monte Carlo methods as well as their constrained formulation (IMeDeT and MiND)
for the development and modelling of many applications in textile engineering based on,
prediction, estimation, controlling, defect detection (See examples in Figure 5), identification
and classification (See example in Figure 6) etc.

(a1) (a2) (a3) (a4) (a5)

(b1) (b2) (b3)

(c1) (c2)

Figure 5. Examples of: Defective fabric samples with different patterned textures (from a1–a5).
Different types of defects in cotton fabric (from b1–b3). Defect with polymer composite (c1,c2).

Algorithm 2 Inductive Mean Density Truncation (IMeDeT)

Initialization
Denote by Ck the constraint region::Ck = {xk : ak ≤ x̂k ≤ bk}.
for j = 1, 2, · · · , N do

Generate x(j)
0 ∼ N (x(j)

0 , Rk).
Compute the initial weights using Equation (6) and normalize.

end for
Unconstrained estimation
for k = 1, 2, . . . , T do

for j = 1, 2, . . . , N do
Generate sample x(i)k from the system dynamics model (1).

Calculate the weights w(j)
k of x(j)

k using Equation (6); then , normalize the weights.
Constrained estimation
for i=1,2,. . . ,j do

if
j

∑
i=1

w(i)
k x(i)k ∈ Ck then

Go to the next step.
else

Find a particle x(j)
k such that

N
∑

i=1
w(i)

k x(i)k ∈ Ck.

end if
end for

end for

Compute the constrained weighted mean x̂k =
N
∑

i=1
w(i)

k x(i)k .

end for
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Samples of plain weave

Samples of plain weave

Samples of satin weave

Figure 6. Example of identification and classification fabrics weave samples based on patterns.

Algorithm 3 Mean Density Truncation (MiND)

Initialization
The same as initializing IMeDeT.
for k = 1, 2, · · · , T do

Unconstrained estimation
for j = 1, 2, · · · , N do

Generate sample x(j)
k from the system dynamics model (1).

Compute weight using Equation (6).
end for

Normalize particle weights w(i)
k = w̃(i)

k /
N
∑

j=1
w̃(j)

k .

Resample {x(i)k , 1
N }N

i=1.

Compute the weighted mean x̂k =
N
∑

i=1

1
N x(i)k .

Constrained estimation
if x̂k 6∈ Ck then

Remove the furthest particle x(i)k .

Add a new particle xN
k using ak ≤ 1

N ∑N−1
i=1 x(i)k + 1

N x(N)
k ≤ bk and a′k ≤ x(N)

k ≤ b′k
where a′k = Nak −∑N−1

i=1 x(i)k and b′k = Nbk −∑N−1
i=1 x(i)k .

Compute the constrained weighted mean x̂k =
N
∑

i=1

1
N x(i)k .

end if
end for

5. Future Direction and Summary

This study focuses on machine learning classification methods specifically designed
for textiles and polymer composites. It elucidates how classification methods are applied in
fiber reinforced composites to deal with problems. Based on discussed literature, this study
clearly explains that machine learning classification receives significant consideration in
textiles and composites industries. SVM and ANN are widely used classification methods
as they provide better prediction accuracy. In addition, this study provides the classification
of carbon fiber reinforced composites and the inclusion of polymeric fibers in composites
formation. It elaborates recently used advanced machine learning algorithms for textile
processes and carbon fiber reinforced composites. It provides critical and in-depth infor-
mation regarding the algorithms applied during yarn production, fabric manufacturing
and textile finishing processes. Drawbacks and limitations of each method are discussed
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in detail. This study proposes gateway and opens new avenues not only for researcher
community but also for the readership of the journal. In addition, we suggest the use of
sequential Monte Carlo methods, i.e., particle filters for control, monitoring, prediction,
and identification, in textiles and composites.

For future work, some novel algorithms e.g., golden eagle optimiser are suggested to
study the performance of fiber reinforced polymer composites, besides the classification
method. Golden eagle optimiser is a recent method and only one or two studies have
applied it so far. This can be beneficial to discover complex relationships and useful
patterns between textiles and fiber reinforced polymer composites.

In textiles and composites industries, researchers mostly used single classifier. How-
ever, combining multiple algorithms may provide a more accurate and semantic vision
for the classification of textile processes. Therefore, researchers should start to use hybrid
models in order to achieve better results.
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Abstract: This paper discusses the influence of fiber reinforcement on the properties of geopolymer
concrete composites, based on fly ash, ground granulated blast furnace slag and metakaolin. Tradi-
tional concrete composites are brittle in nature due to low tensile strength. The inclusion of fibrous
material alters brittle behavior of concrete along with a significant improvement in mechanical prop-
erties i.e., toughness, strain and flexural strength. Ordinary Portland cement (OPC) is mainly used as
a binding agent in concrete composites. However, current environmental awareness promotes the use
of alternative binders i.e., geopolymers, to replace OPC because in OPC production, significant quan-
tity of CO2 is released that creates environmental pollution. Geopolymer concrete composites have
been characterized using a wide range of analytical tools including scanning electron microscopy
(SEM) and elemental detection X-ray spectroscopy (EDX). Insight into the physicochemical behavior
of geopolymers, their constituents and reinforcement with natural polymeric fibers for the making
of concrete composites has been gained. Focus has been given to the use of sisal, jute, basalt and
glass fibers.

Keywords: jute; basalt; glass; geopolymers; composites; concrete

1. Introduction

The modern world is facing many challenges due to a day-by-day deterioration in the
natural environment and the depletion of natural resources. New techniques and materials
are being sought to combat this situation. The construction industry has been an impor-
tant contribution to environmental deterioration. The last few decades have witnessed
the use of geopolymeric materials in the construction industry in an attempt to address
certain environmental and economic concerns. Rapid industrialization, development and
innovations in almost every part of the world have brought about an alarming day-by-day
deterioration in the atmospheric environment. With an exponential increase in human
population, the demand for major construction has increased to fulfil the human necessity
for shelter. This can be considered a threat to the depletion of natural resources. Concrete is
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one of the major materials utilized in the construction industry and it is estimated that the
production of concrete is responsible for 5–8% of total CO2 emissions in the world. Most,
95%, CO2 emissions are due to the fabrication of cement, which is the main constituent of
concrete [1]. This reflects the need for the development of more economical and environ-
ment friendly materials with lower CO2 emissions. In this regard, efforts have been made
to find alternatives that can be used with lower pollution and less energy consumption.
Various methods for reducing CO2 emissions during the fabrication of cement have been
examined previously [2]. These methods include the use of alternative fuel [3], improving
energy efficiency inside the cement kiln [4], modifying cement with optimum percentage
of nanoparticles [5] and creating alternative cement like geopolymers [6]. Among these
options, geopolymers with environmentally friendly characteristics are receiving more
and more attention from the scientific community and are new entrants in the field of
construction materials. The fabrication of geopolymers is cost-effective and requires less
energy consumption in comparison with the formulation of other alternatives available.
In addition, the inner portion of industrial waste such as fly ash adds many advantages
and causes geopolymers to be a completely new green material for use in the construction
industry [7–9]. Some studies indicate that the use of geopolymers can reduce greenhouse
gas emissions from 44% to 64% in comparison to that for the production of ordinary Port-
land cement (OPC) [10–12]. If careful design of geopolymer cement is carried out, its
production will require less energy and may reduce CO2 emission by 80% compared to
those from OPC production [13]. Geopolymers have performance characteristics similar
to those of OPC and hence are viewed as one of the most likely alternatives to OPC. OPC
can be replaced with geopolymers, which serve as a binding phase and at the same time,
can enhance mechanical properties of concrete [14]. The situation described above has
motivated scientists from all over the world to focus on the development of geopolymers.
Figure 1 shows an increasing interest on geopolymer development due to reduced energy
consumption, lower CO2 emission, and a high reduction in cost compared to the generation
of traditional materials.

Figure 1. A graphical representation of data published on geopolymers from 2010 to 2020 based on
its economical and energy consumption benefits. Reprinted with permission from Ref. [2]. Copyright
2021, with permission from Elsevier.

2. Geopolymers

Geopolymers are used in many fields ranging from aeronautics and civil engineering
to the plastics industry [15–18]. The synthesis of geopolymers is based on a chemical reac-
tion between solid aluminosilicate compounds (Si2O5, Al2O2) and a highly concentrated
alkali hydroxide or polysilicate solution [19]. Kaolin and metakaolin are the examples of
naturally occurring aluminosilicate compounds whereas industrial wastes i.e., fly ash and
blast furnace slag, are considered to be industrial sources. The dissolution of the alumi-
nosilicate compounds by hydrolysis forms silicate and aluminate due to the presence of
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alkaline activators. After dissolution, a reaction with silicates takes place promoted by the
presence of activators solution. At a higher pH, the amorphous aluminosilicates are quickly
dissolved and form a highly saturated aluminosilicate solution that further produces a
gel like structure. Large networks are formed by oligomers in an aqueous media due to
condensation. This gel-like structure is bi-phasic due to the water and aluminosilicate
binder. The conversion time from a supersaturated aluminosilicate solution to gel depends
on the synthesis conditions, materials composition and concentration of activators solution.
After the gelation process, the system continues rearranging as the linkages of the gel
network are enhanced, resulting in the three-dimensional (3D) aluminosilicate network
named geopolymers [20]. A general flow diagram of the synthesis of geopolymers is
illustrated in Figure 2 [21]. However, a chemical view of geopolymerization process shows
that Al-O/Si-O bonds are broken in the solid alumina/silica rich binder material during
the hydrolysis by hydroxyl initiator [OH]¯ and produces a tetrahedral aluminate and
silicate intermediate species i.e., [Al(OH)4]¯ and [Si(OH)4]4−. Water condenses during
gelation and an overall shrinkage occurs in the structure. Therefore, the system reorganizes
and rearranges itself into a 3D network as explained in Figure 3 [22].

Figure 2. A general flow of geopolymerization process. Reprinted with permission from Ref. [21].
Copyright 2020, with permission from Elsevier.

Geopolymers are categorized on Si/Al ratios, and the three basic geopolymeric struc-
tures based on Si/Al ratios are poly (sialate), poly (sialate-siloxo) and poly (sialate-disiloxo)
as illustrated in Figure 4 [23,24]. Sialate is the common name for silicon-oxo-aluminate
and it ranges from amorphous to semi-crystalline in nature. Therefore, raw materials that
contain rich silica and alumina content can be used for the production of geopolymers.

In general, geopolymers are defined as ceramic-like materials formed at room temper-
ature. They are inorganic in nature and contain a aluminosilicate polymer as a building
block. Geopolymers can be made from both industrial and agricultural wastes like fly ash,
metakaolin, rice husk ash and wheat straw ash [25,26]. Geopolymers are prepared by mix-
ing alkaline activators (mainly CaO) and water along with aluminosilicate-based sources.
Alkali metal silicates, hydroxides or even carbonates have been used for making an alkaline
solution for the activation. However, some researchers also used NaOH or KOH in this
regard [27–29]. During the activation process, SiO4 and AlO4 species were obtained as the
solid aluminosilicate oxide dissolution took place and, as a result of the polycondensation
reaction, an amorphous three-dimensional geopolymeric system formed. However, the
inclusion of acids involves the deterioration of Si-O-Si bonds during geopolymerization or
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may leave an Al depletion silica system that depends on the distribution of Si and Al in the
framework. Figure 5 shows the SEM images of water-immersed geopolymer samples and
acid-immersed samples after 70 days of immersion [30].

Figure 3. A chemical view of the geopolymerization reaction mechanism of aluminosilicate (breakdown of bonds and
formation of intermediate species) dissolution in the activator solution. Reprinted with permission from Ref. [22]. Copyright
2021, with permission from MDPI.

Figure 4. Siloxo Si-O units based on different geopolymeric systems. Reprinted with permission
from Ref. [24]. Copyright 2016, with permission from Elsevier.

Geopolymer cement is reported to attain rapid hardening, and after 4 h of manufac-
turing at 20 ◦C, it achieves a compressive strength in the range of 20 MPa whereas after
28 days, it gains compressive strength from 70 to 100 MPa. Heat-treated, low-calcium
content, fly-ash-based geopolymer concretes have excellent compressive strength and do
not suffer from drying shrinkage and low creep [31]. Geopolymers exhibit better chemical
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resistance to sulphates than OPC. For low-cost ceramic materials at ambient temperatures
and for pre-cost applications, drying and hardening of geopolymers after the initial setting
is very important especially in applications where shrinkage is not desirable [32]. It is
important to define the exact chemical nature of geopolymeric gel, which is further respon-
sible for determining the mechanical properties of geopolymers. It is also important to
note that the nanostructure and molecular nature within the gel determine the thermal
and chemical stability of the binder. In this regard, correct selection of raw materials and
mixing design are essential factors in achieving the enhanced properties of geopolymers
for specific purposes. Geopolymers are reported to be fire resistant because of their inor-
ganic framework and show high thermal stability in comparison with OPC [20]. It is also
reported that geopolymers have excellent mechanical properties in comparison to OPC [33].
Density, compressive strength, flexural strength and modulus of elasticity are the important
mechanical properties of geopolymers for further use in structural applications. Table 1
summarizes the detail of the constituents of geopolymers, their role on the properties of
fiber-reinforced composites and the experimental conditions, etc.

Figure 5. SEM micrographs of illustration of (a) geopolymers sample immersed in water exhibited
glass-like microstructural surface and (b) geopolymers sample after acid exposure showed debris-like
colloidal particles (could be the precipitates of silica gel) on the surface. Reprinted with permission
from Ref. [30]. Copyright 2018, with permission from Elsevier.

Table 1. A brief summary of the constituents of geopolymers.

Constituents Composition Temperature [◦C] Time [Days] Chemicals Compressive
Strength [MPa] References

Coal fly ash & metakaolin - 250 3 NaOH - [34]

Fly ash, GGBFS & zeolite Al/Si 32 1 NaOH 100 [35]

Coal fly ash Al/Si 80 1 NaOH 18 [36]

Fly ash SiO2/Al2O3 85 3 KOH 19 [37]

2.1. Factors Affecting on Geopolymers

Many factors that affect the compressive strength, flexural strength and other mechani-
cal properties of geopolymers have been reported by different researchers [22,38–42]. These
factor, such as different calcium-containing raw materials [21,43], ionic additives, curing
procedures and post-curing chemical treatment, have been considered important for final
properties [44–46]. An amorphous structure of geopolymers is better for realizing antici-
pated mechanical strength. It is important to note that the properties of geopolymers greatly
depend on the SiO2/Al2O3 ratio, NaOH/Al2O3 or SiO2/KOH ratio and the liquid–solid
ratio. Research works investigating the influence of the C-S-H phase on the geopolymer-
ization of aluminosilicates with a focus of its role on early-age strength have been made
previously [47–49]. Phair and Deventer investigated the C-S-H phases and demonstrated
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C-S-H phases at different pH levels. According to them, the presence of C-S-H at pH 12 did
not improve the compressive strength significantly as compared to pH 14 [50].

The effect of admixtures on geopolymers is another important factor that alters the
overall properties. It has been noted that sucrose and citric acid, as admixtures that perform
the role of retarder in OPC, have dissimilar mechanisms in fly-ash-based geopolymers [51].
Commercial superplasticizers such as naphthalene and polycarboxylate based superplas-
ticizers were also investigated. It is reported that a naphthalene-based superplasticizer
is effective when a single activator is used, rendering a 136% increase in relative slump
without disturbing the compressive strength. When a multi-compound activator is used, a
modified polycarboxylate-based superplasticizer is more effective [52,53]. The retarding
effect of a polycarboxylate-based superplasticizer in a fly ash/slag blended system is re-
ported in the literature along with a significant improvement in workability compared to a
naphthalene-based superplasticizer.

Many researchers have conducted studies on the properties of geopolymer pastes
based on various curing conditions. For achieving complete geopolymerization, researchers
reported curing of samples at temperatures between 40 ◦C and 85 ◦C. Palomo et al. reported
that the alkali-activated fly ash, when cured at a temperature 85 ◦C for 24 h, gave significant
compressive strength of the geopolymer as compared to the same composition at 65 ◦C [54].
However, no significant increase in compressive strength was noted with curing time
extended beyond 24 h. Heah et al. showed that metakaolin-based geopolymers cured
at higher temperatures result in an increase of strength after 1 to 3 days. They also
discovered that samples cured at a higher temperature for a longer time period result in
sample failure. This failure was described by the thermolysis of the -Si-O-Al-O- bond [55].
According to Rovnanik, a metakaolin-based geopolymer cured at a higher temperature
(40–80 ◦C) showed deterioration of mechanical properties when compared with the results
obtained for slightly decreased temperature. In order to achieve better mechanical and
durability properties of geopolymers, suitable curing is a must [56]. Previous research
has shown that the mechanical properties of geopolymer are strongly influenced by its
Si/Al ratio. Additionally, the liquid/solid ratio, which is linked to the water content in the
reactive mixture, has an effect on the geopolymers formulation. Zuhua et al. demonstrated
that an increased liquid/solid ratio supported the transfer of ions and thus boosted the
dissolution of the aluminosilicate source. On the other hand, this increase slowed the
polycondensation reactions and resulted in an increased porosity rate, thus leading to poor
mechanical performance [57].

2.2. Cementitious Materials for Geopolymers

Commonly cementitious materials are created by alkaline activation either based
on Si and Ca or based on Si and Al. In recent times, efforts have been made to replace
OPC with other cementitious materials containing Si and Al. Various activated natural
materials and industrial by-products are being used to produce alkaline-activated binders
for further use in developing cementless mortar and concrete. Supplementary cementitious
materials for geopolymers have less environmental impacts compared to OPC. Research
work on geopolymers has indicated that the inclusion of raw materials such as fly ash
and slag in geopolymers fabrication is gaining interest worldwide, and these industrial
waste materials are responsible for deciding the final properties of geopolymers [58,59].
In this regard, most of the researchers have focused on employing fly ash/blast furnace
slag for geopolymers systems. Microstructure, physical, mechanical, chemical and thermal
properties of geopolymers, in contrast to their macroscopic characteristics, mainly depend
on the raw materials. Materials that are rich in aluminum and silicone can be used in the
fabrication of geopolymers. These materials include fly ash, slag, waste glass and some
pure Al-Si minerals and clays (kaolinite and metakaolinite). Among them, fly ash and slag
are the most widely used ones.
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2.2.1. Fly Ash

Fly ash is a residue generated in coal-fired power plants for electricity generation and
is viewed as solid waste material [60]. Fly ash is produced at an amount of about 800 million
tons annually, worldwide. China is the largest country in fly ash production followed by
India, USA and EU [61]. It has been reported that the fly ash utilization rate is estimated as
50% for the USA, more than 90% for EU, 60% for India and 67% for China. Coal fly ash
usually consists of coarse bottom ash and fine fly ash, of which coarse bottom ash is about
5–15% by weight and fine fly ash is about 85–95% by weight of total coal ash generated.
Bottom ash accumulates on the bottom of the boiler by air flow whereas the fly ash is
caught from the flue gas and collected by electrostatic or mechanical precipitation. Fly ash
particles are mainly spherical and comprise solid spheres, cenospheres, irregular shaped
waste and porous unburnt carbon [62]. Fly ash is considered to be a pozzolan-like material
at room temperature when mixed with water and calcium hydroxide form cementitious
products. The color of fly ash is generally grey, and the amount of unburned coal in the ash
is responsible for defining its color from dark to dull to black, with fine, powdery particles
mostly spherical in shape. These particles are either solid or hollow and predominantly
amorphous [63]. The type of coal used at power plants significantly influences the physical
and chemical characteristics of fly ash [64]. Generally, fly ash contains quartz, hematite,
mullite and amorphous particles. Chemical composition of fly ash is greatly influenced by
factors such as the type of coal used for burning and conditions under which this process
takes place, as well as the removal effectiveness of the air-pollution-control device [65].
A complete production process of fly ash (from coal and after pulverization, boiling and
precipitation) is thoroughly explained in Figure 6 [41].

Figure 6. A schematic depiction of a clean production process of fly ash from coal. Reprinted with permission from Ref. [41].
Copyright 2021, with permission from Elsevier.

Fly ash can be classified based on chemical and mineralogical composition into two
types, that is, class C and class F, depending on the coal used for combustion. Class C fly
ash is obtained during the combustion of lignite and sub-bituminous coals and contains
SiO2, Al2O3 and Fe2O3, together less than 50%, whereas CaO ranges between 20% and
30%. On the contrary, class F fly ash is obtained when anthracite and bituminous coals
are burned, and contains more than 70% of SiO2, Al2O3 and Fe2O3 with CaO content less
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than 5% [66]. Generally bituminous coal fly ash particle size is less than 0.075 mm and is
normally similar to silt particle size, whereas sub-bituminous coal fly ash is also similar to
that of silt particles, but is a little coarser compared to bituminous coal fly ash. The specific
gravity of fly ash is found to be between 2.1 and 3 and specific surface area between 170
and 1000 m2/kg. The bulk density of fly ash is in the range of 0.54–0.86 g/cm3. Properties
of fly ash of classes C and F differ significantly and hence both classes have different
uses. Class C fly ash is characterized as high-calcium fly ash and can be considered as a
cementitious material if CaO content is higher than 20%. High-calcium fly ash with CaO
between 10% and 20% is said to be a cementitious and pozzolanic material [67]. Past years
have witnessed increasing research on fly ash and its industrial utilization. Fly ash has
been investigated mainly in areas such as cement fabrication, ceramics, paints, plastics,
agriculture and construction industry [68]. Low-calcium fly ash represents the properties
of normal pozzolan (a material with silicate glass and modified with aluminum and iron).
Pozzolanic activity to form strength-developing products with low-calcium fly ash takes
place when it interacts with Ca(OH)2. For this purpose, low-calcium fly ash is used in
combination with OPC to produce Ca(OH)2 during the hydration process. On the other
hand, the suitability of high-calcium fly ash in concrete is viewed with doubts. This can be
explained by high free CaO and sulphur content in such a fly ash chemical composition
that can disturb concrete volume stability and durability. Yet, high-calcium fly ash can
cause early strength development in concrete and, if proportioned accurately, can increase
the quality of concrete.

Fly ash as a replacement for cement in concrete is limited to 15–20% by mass of the
total cementitious material [69]. However, Malhotra reported that more than 50% of fly ash
replacement in concrete can be used, subject to the fact that acceptable material responses,
such as strength, durability, permeability and shrinkage, are ensured [70]. Fly ash increases
the workability and lessens the bleeding of fresh concrete. It also increases the durability
properties of concrete and, if designed properly, exhibits enhanced strength and low
permeability. Concretes with partial replacement of OPC with fly ash show considerable
increase in workability compared to OPC concrete. Fly ash containing concretes show
increased workability with increasing levels of fly ash replacement thus reducing the water
demand for the system [71]. Fly ash can be used for controlling sulphate attack and both
classes of fly ash behave differently in such a corrosive environment. High-calcium fly
ash contains considerable amounts of soluble calcium, aluminum and sulphur-bearing
minerals as well as a substantial amount of calcium aluminate glass, which can release
calcium and aluminum into the solution slowly. It increases the pH of the solution when it
comes in contact with water and the expansion of cement occurs, thus leading to cracking.
Class C fly ash increases the exposure to sulphate attack as it is rich in lime and hydrates
independently. On the other hand, class F fly ash hinders the sulphate attack by hampering
the formation of alumino silicate hydrate compounds. It has been reported that low-calcium
fly ash concrete is more resistant compared to concrete with high-calcium fly ash [72]. A
flow of fly ash and its components in the utilization of real-life applications in various
industries is presented in Figure 7 [41].

2.2.2. Ground-Granulated Blast Furnace Slag (GGBFS)

Ground-granulated blast furnace slag (GGBFS) is among the other by-products during
the production of iron and steel. During the process of iron and steel production in blast
furnaces, quick removal of slag on the top of molten iron is carried out and then grounded to
obtain GGBFS. It is a powder-like material and white in color. Physical properties of GGBFS
depend on the cooling process and chemical properties depend on the selection of raw
materials for iron production. Its fineness specific surface area is between 300 m2/kg and
500 m2/kg with specific gravity ranging from 2.4 to 3.0 [73]. GGBFS is pozzolanic in nature,
and for decades, has been used as cementitious component for making cement/concrete
composites. The effectiveness of GGBFS in cementitious composites depends on many
factors, such as chemical composition, fineness and hydraulic reactivity. SEM and EDX
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analysis for GGBFS explains that GGBFS contains denser particles and those particles have
different size grades that work as pore filtration as well as higher silicon contents than
OPC, as illustrated in Figure 8 [74].

Figure 7. The utilization of fly ash and its components into different real-life applications. Reprinted with permission from
Ref. [41]. Copyright 2021, with permission from Elsevier.

Figure 8. Results of ground granulated basalt furnace slag from (a) SEM analysis shows different grades of denser particles
and (b) EDX analysis shows higher silicon content than OPC. Reprinted with permission from Ref. [74]. Copyright 2021,
with permission from Elsevier.

GGBFS is non-metallic in nature and basically contains oxides of calcium, silica,
alumina and magnesia along with some other oxides in small quantities. Both glassy and
crystalline phases are present in GGBFS with glass content in the range of 85–90% [75].
The amount of glassy phase in GGBFS is very much affected by the cooling process. Slow
cooling produces about 50% to 70% of the crystalline phase in GGBFS, which in turn
reduces the hydraulic activity. On the other hand, quick cooling normally develops smaller
and uniform particle sizes in GGBFS and contributes to advanced hydraulic activity. A
number of formulas have been developed to predict the hydraulic activity of GGBFS. These
formulas do not represent the exact strength performance of GGBFS because the hydration
reactions that take place are very complex in nature and these formulas do not indicate
them exactly [76].
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Chemical composition is vital for achieving good hydraulic activity of GGBFS. GGBFS
are classified based on their basicity index. A CaO/SiO2 ratio more than 1.0 is one such
basicity index described in the literature. Basicity defines the hydraulic activity of the
slag, and if the slag is more basic, its hydraulic activity in the presence of some alkaline
activator is better. With constant basicity, an increase in Al2O3 content increases the strength,
whereas variations in MgO content reaching 8–10% can insignificantly affect the strength
development while exceeding 10% can affect it negatively. Furthermore, increasing the
amount of CaO increases the hydraulic activity of GGBFS whereas it decreases with an
increasing content of SiO2. In order to assure high alkalinity, without which GGBFS is
hydraulically inactive, European Standard 197-1 suggests a ratio of the mass of CaO and
MgO together to the mass of SiO2 ratio greater than 1.0. It has been observed that initial
hydration is considerably slower when GGBFS is hydrated with water only. To overcome
this, OPC, alkalis or lime are used as activators to accelerate the hydration process [77].
Like other cementitious materials, surface area is used to determine the reactivity of GGBFS.
Increased fineness gives better strength development. Setting time, shrinkage and economic
considerations are the factors that limit fineness practically. Fineness of GGBFS affects
the reactivity of slag in concrete, early strength development and water requirement. On
the other hand, it is dependent on energy saving and economic considerations. It has
been reported that the fineness of GGBFS should be two to three times greater than that of
OPC in order to have advantages over slag in certain engineering properties like bleeding,
setting time, high strength and excellent durability.

A number of research works have been carried out to study the workability of concrete
and mortar with the inclusion and replacement of GGBFS. It has been reported that 60%
replacement of OPC with GGBFS in concrete improved its workability. Generally, replacing
OPC with an increasing percent of GGBFS results in prolonged setting times of concrete
whereas replacement equal to or more than 40% has an extremely retarding effect. The
use of GGBFS for applications where early-age strength is required is not recommended.
Concrete with the inclusion of GGBFS under a normal temperature curing condition attains
considerably slow strength development as compared to OPC concrete. However, the
early strength development of GGBFS included considerable concrete increases at higher
early-age temperatures [78]. In a study carried out by Oner and Akyuz, it was observed
that the compressive strength of GGBFS concrete increased with an increase in GGBFS
content and an optimum level for the efficient use of GGBFS content was around 55–59%.
Flexural strength of concrete is prone to micro-cracking, and the inclusion of GGBFS can
improve its flexural strength at later stages [79]. The influence of GGBFS on the flexural
strength of concrete showed that concrete containing 60% of GGBFS was higher than the
flexural strength of the same concrete without GGBFS whereas a noticeable decrease was
observed with 80% replacement.

2.2.3. Metakaolin

Less energy-intensive processed materials and wastes with pozzolanic behavior have
been using by mankind for thousands of years. One such example in recent times is
metakaolin [80]. Metakaolin belongs to the calcined clay family and is obtained from the
calcination of kaolin clay. The use of kaolin as an industrial mineral in various industries
largely depends on its mineralogical composition, geological conditions under which it
formed and its physical and chemical properties. Kaolin is found as sedimentary, residual or
hydrothermal and has unique properties in every of these cases, and therefore is subject to
proper testing and evaluation for a specific use. Kaolin deposits are found in southwestern
England, Georgia and South Carolina in the USA as well as in the lower Amazon of Brazil.
which are known as the most utilized ones. Kaolinite crystals that cover most of the
kaolin deposits are pseudo-hexagonal along with plates, some larger books and vermicular
stacks [81]. Metakaolin is a highly reactive pozzolana type and needs to be processed
like cement in burning kilns at temperatures around 700–900 ◦C and mainly contains
silica and alumina. Metakaolin is produced under these temperatures, when kaolin-clay
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rich in kaolinite undergoes thermal activation and by dehydroxylation, which leads to
breaking down or partial breakdown of the structure resulting in a transition phase with
high reactivity [82]. The morphologies of fly ash and metakaolin particles are observed
by SEM analysis and illustrated in Figure 9 [83]. It is observed that fly ash particles are
quasi-spherical and smooth with a variation in sizes. However, metakaolin particles are
mostly irregular in terms of shape. The quasi-spherical-shaped particles of fly ash are more
suitable for lower water demand than metakaolin particles.

Figure 9. SEM images of (a) fly ash and (b) metakaolin. Reprinted with permission from Ref. [83].
Copyright 2021, with permission from Elsevier.

Metakaolin in the presence of water reacts chemically with Ca(OH)2 produced by
cement hydration and this generates additional gel containing secondary calcium-silicate-
hydrate (C-S-H) along with crystalline products including aluminate hydrates and alumi-
nosilicate hydrates. The hydration reaction is associated with the metakaolin reactivity
level and is influenced by the processing conditions and purity of the clay type used [84].
Metakaolin is an off-white powder type of aluminosilicate material and has porous, angular-
shaped, platy, smaller particle size of about 1–2 µm with a surface area in the range of
10,000–29,000 m2/kg. Its specific gravity is in the range of 2.20–2.60 whereas the bulk
density of metakaolin has been reported in the range of 300–400 kg/m3 [85–87]. The
chemical composition of metakaolin varies according to the type of kaolin used. The main
components of metakaolin are silicon dioxide and alumina oxide with other components
as well including ferric oxide, calcium oxide and potassium oxide. As per ASTM standard,
raw or calcined natural pozzolan is characterized as class N with SiO2, Al2O3 and Fe2O3,
together equal or greater than 70%, SO3 less than or equal to 4%, limiting oxygen index
(LOI) content less than or equal to 10% and moisture content less than or equal to 3%.

Metakaolin as a pozzolanic addition has attracted much interest in recent years. The
main interest regarding using metakaolin in mortar or concrete is the removal of C-H
produced by the hydration of cement responsible for poor durability. Furthermore, C-H
removal guarantees improved strength and has a key influence on resistance to sulphate
attack and alkali silica reaction. Purity of metakaolin, OPC composition, water/binder ratio
and curing conditions need to be addressed for the metakaolin content in a system for com-
plete elimination of C-H [88]. Concretes with partial replacement of OPC with metakaolin
shows a considerable reduction in workability and that the degree of workability ranges
from low to very low with the increase in replacement, thus increasing the water demand
of concrete. Despite a lower degree of workability, metakaolin concretes can be compacted
well without any difficulty. An increase in compressive strength is caused by the filling
effect, speeding up of cement hydration and pozzolanic reactivity of metakaolin in concrete
containing metakaolin. Previous research showed that metakaolin-based concrete with the
partial replacement of OPC with metakaolin ranging 5–15% achieved a cube compressive
strength of 92–104 MPa at 28 days, whereas for the same samples, static and dynamic mod-
uli of elasticity were observed as 45.73–46.26 and 51.78–52.86 GPa, respectively. Generally,
metakaolin geopolymers set and harden within 24 h, with the short setting time of 4 h.
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With high Al2O3 content, metakaolin geopolymers’ setting time is short but it weakens the
strength with a low content of SiO2.

Metakaolin as a partial replacement in concrete acts as a filler and significantly im-
proves early strength and increases long-term strength of concrete. Porosity and pore size
distribution measurements observed previously show that the early strength development
is linked with considerable pore refinement [89]. Th partial replacement of OPC with
up to 20% metakaolin causes improvement in the pore structure of mortar paste, thus
increasing the compressive strength. It has been observed that the filler effect is immediate
and the speeding up of OPC hydration occurs significantly within the first 24 h whereas
the maximum pozzolanic effect takes place between 7 and 14 days. Sulphate resistance of
mortar increases by replacing cement with at least 30% metakaolin due to the reduction
in C-H content in the paste, which reduces the gypsum and ettringite formation. On the
other hand, it is also believed that refinement in pore structure hinders the entrance of
suphate ions into the system. The inclusion of metakaolin also improves the resistance
of concrete against chloride ions. Concrete with 10% metakaolin has been reported to be
effective under freezing and thawing [90]. It has been observed that pozzolanic constituent
materials like metakaoline affect the fire resistance of concrete. Metakaolin-based concretes
show poor fire resistance at elevated temperatures as compared to OPC concretes, and this
is because of the compacted micro-structure and poor porosity of the metakaolin-based
concretes. Therefore, careful investigation of metakaolin-based concretes should be carried
out for elements that are prone to high temperatures. Figure 10 shows the metakaolin and
fly ash blended geopolymer composites with different formulations of monoaluminium
phosphate and aluminum dihydrogen triphosphate that provided excellent mechanical
and physical properties after a 28-day curing process [83]. It is observed that both fly ash
and metakaolin particles provide more compact and homogenous microstructure of the
composite that leads to higher compressive strength. In simple words, the addition of fly
ash and metakaolin particles into the composite matrix increases the bonding between the
particles and the composite matrix. Table 2 elucidates the detail of chemical composition
and physical properties i.e., specific surface area, specific gravity, bulk density of fly ash
produced with different coal types, GGBFS and metakaolin.

2.3. Activating Chemical Solutions for Geopolymers

Chemical activation is used to enhance the reactivity process and improve the fresh
and or hardened state. Geopolymers are synthesized when aluminosilicate powders
are mixed and activated in highly concentrated alkaline medium [91]. A strong alkaline
medium is necessary to dissolve the quantity of aluminosilicates. Usually, alkali earth metal
hydroxides and carbonates are used for this purpose. Sodium hydroxide is the most widely
used one in this regard. In order to activate the aluminosilicates for geopolymerization,
alkali hydroxides or carbonates with pH values more than 13 are required. Alkali metal
hydroxides can significantly increase the solution viscosity at concentrations of more than
10 M. When sodium hydroxide is used in excess for activation, the formation of white
crystalline sodium carbonates is a well-known issue. There are two types of activating
mechanism in geopolymers, the liquid-activated geopolymer binder and the powder-
activated geopolymer binder. The former relates to the alkali metal hydroxides, carbonates
or silica fume and water whereas the latter relates to the mixing of alkali metal hydroxide
and silicates in dry form. Liquid-activated geopolymer binders have been used in most of
the studies and have some problems, such as high pH and variations in molarity leading to
inconsistent performance [92]. As stated above, sodium hydroxide is the most commonly
used alkaline medium for geopolymerization. Sodium hydroxide is commonly known as
caustic soda and is a white solid inorganic material and is produced by 50% mass saturated
in solution with water. Sodium hydroxide produces a huge amount of heat when it reacts
with water. Sodium carbonate is an inorganic material white in color comprising sodium,
carbon and oxygen elements, often called washing soda. It is a basic salt with a strong
alkaline taste. Potassium hydroxide is an inorganic compound comprising potassium,
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oxygen and hydrogen elements also known as caustic potash. It is soluble in water and
exothermic in nature.

Figure 10. The morphologies of fly ash and metakaolin blended geopolymers composites with
(a) 1.0 wt% monoaluminium phosphate, (b) 3.0 wt.% monoaluminium phosphate, (c) 1.0 wt.%
aluminum dihydrogen triphosphate and (d) 3.0 wt.% aluminum dihydrogen triphosphate. Reprinted
with permission from Ref. [83]. Copyright 2021, with permission from Elsevier.

Table 2. Chemical composition and physical properties of cementitious materials used in geopolymers concrete composites.

Fly Ash

Coal Type

Chemical Composition (wt.%) Physical Properties Ref.

SiO2 CaO Al2O3 MgO SO3 Fe2O3 K2O Na2O TiO2
Specific Surface

Area (m2/kg)
Specific
Gravity

Bulk Density
(kg/m3)

Sub-bituminous 40–60 5–30 20–30 1–6 0–2 4–10 0–4 0–2 -

170–1000 2.1–3.0 540–860 [61,62]
Lignite 15–45 15–40 10–25 3–10 0–10 4–15 0–4 0–6 -

Bituminous 20–60 1–12 5–35 0–5 0–4 10–40 0–3 0–4 -

Anthracite 28–57 1–27 18–36 1–4 0–9 3–16 0–4 0–1 -

GGBFS 28–40 30–50 8–24 1–18 0.23–1.3 - - - - 300–500 2.4–3.0 1200 [73,75]

Metakaolin 51.9 0.11 45.39 - - 0.92 0.45 - 0.76 10,000–29,000 2.2–2.6 300–400 [82,85,86]

Görhan and Kürklü found that fly-ash-based geopolymers prepared with low and
high concentrations of sodium hydroxide exhibited poor compressive strength. They used
3, 6 and 9 M sodium hydroxide concentrations for the samples and noticed that samples
with the 6 M concentration exhibited higher compressive strength of 22 MPa [93]. High-
calcium, fly-ash-based geopolymers at 70%, 80%, 90% and 100% by mass of binders in
combination with OPC and activated by sodium silicate and sodium hydroxide (alkali
liquid/binder = 0.65 and Na2SiO3/NaOH = 0.67) cured at 60 ◦C showed that samples
had increased compressive strength [94]. Fly-ash-based geopolymer mortar with sodium
hydroxide as an activator showed increased compressive strength as compared to the same
fly-ash-based geopolymer with a potassium hydroxide activator. The compressive strength
recorded was 65.28 MPa for the sodium-hydroxide-activated, fly-ash-based geopolymer
and 28.73 MPa for the potassium-hydroxide-activated, fly-ash-based geopolymer [95].
Zhang et al. carried out a study on a metakaolin-based geopolymer using sodium hy-
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droxide, potassium hydroxide and sodium silicate as alkali activators with 8 M and 12 M,
respectively. The highest compressive strength was observed as 40 MPa with 12 M concen-
tration and with Si/Al = 1.9:1 [96]. In recent research, geopolymers with a combination of
metakaolin and low-calcium fly ash (five different combinations of metakaolin and fly ash
with metakaolin to fly ash mass ratios of 100:0, 80:20, 50:50, 20:80, 0:100) were activated by
sodium hydroxide and potassium hydroxide solutions of 6 M separately. Researchers found
that samples activated by sodium hydroxide showed improved compressive strength as
compared to the samples activated by potassium hydroxide. GGBFS-based geopolymer
concrete with sodium hydroxide and sodium silicate as alkali activators showed that the
compressive strength of geopolymer concrete cured at room temperature for 28 days had a
maximum value of ~44 MPa when 19 M NaOH solution with 50% Na2SiO3 concentration
was used [97].

3. Geopolymers and Natural Fiber-Reinforced Composites

Geopolymers exhibit good thermal and durability properties, and at the same time,
they are brittle in nature, show poor resistance to tensile and flexural loadings and undergo
sudden failure, hence are not suitable for several structural applications [98,99]. To address
this issue, research works have been focused on reinforcing geopolymers with synthetic
and natural fibers in order to increase their ductility and resistance to tensile stresses.
The incorporation of natural fibers in geopolymers gives a feasible solution to counter its
initial brittle behavior [100]. Fiber can be defined as a hair-like material that is either a
continuous filament or discrete elongated piece similar to thread. Fibers can be broadly
divided into natural and man-made ones [101,102]. Figure 11 describes an overview of
fiber classification.

In order to increase the flexural strength and energy absorption, fibers can be used as
reinforcement in geopolymer composites in the form of threads, filaments, whiskers and
nanoparticles. The inclusion of random short fibers in a cementitious medium enhances
toughness, ductility and strength by bridging and reducing the cracks [103,104]. Moreover,
the addition of fibers in the geopolymer matrix also increases its energy absorption and
resistance to deformation. Geopolymers reinforced with any type of fiber show better
toughness results in comparison with OPC-based composites. Several factors influence
fiber performance in geopolymer composites, including inherent properties of the fiber
used, its content, precursors, curing and age of the composites. Yet, the main role for
overall mechanical properties is the interface between the fiber and matrix, and with a
strong contact interface, high loads can easily be transferred from the matrix to fibers.
Most research works concerning fiber-reinforced geopolymers have been done using
steel fibers, carbon fibers, glass fibers, polypropylene fibers, polyvinyl alcohol fibers and
basalt fibers [105–107]. Using cellulosic fibers as reinforcement in recent times has been
witnessed as well. In this paper, our focus is on sisal, jute, basalt and glass fiber-reinforced
geopolymers composites.

3.1. Cellulosic Fiber Reinforced Geopolymer Composites

During the past years, natural cellulosic fibers composites have gained considerable
attention due to their low cost and low density and their use as a renewable source [108,109].
Cellulosic fibers have been used as an alternative instead of steel or synthetic fibers within
cementitious composites as reinforcement [110]. Cement-based geopolymers reinforced
with cellulosic fibers show enhanced toughness, ductility, flexural capacity and crack
resistance in comparison to cement-based composites without fiber reinforcement. Fiber
reinforcement presents its main benefit during cracking where fibers bridge the matrix
cracks and transfer the loads, thus presenting more demanding use of such materials in
the construction industry [111–113]. However, they have some disadvantages including
low durability, efficiency at high fiber content that reduces the workability of a fresh
composite, inconsistent material properties and poor interaction with the matrix [114,115].
As mentioned earlier, using cellulosic fibers has the problem of low durability. The use
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of cellulosic fibers as reinforcement in cement-based materials is limited due to relatively
low degradation resistance in alkaline environments. Lignin and hemicellulose phases of
natural fibers placed in OPC dissolve, therefore weakening the fiber structure and leading
to their degradation in a highly alkaline environment. It has been reported that with an
increase in fiber diameter, the corresponding mechanical strength and modulus of fibers
decrease. Al-Oraimi and Seibi reported that a small percentage of natural fibers caused
an improvement in mechanical properties and impact resistance of concrete, and has the
same performance as that of synthetic fiber concrete [116]. Ramakrishna and Sundarajan
reported that the addition of fibers increased impact resistance 3–18 times greater than
those of without any fibers [117].

Figure 11. Classification of textile fibers.

3.1.1. Sisal and Its Composite

Sisal fiber is among the most commonly used cellulosic natural fibers. Plant Agave
sisalana is the source of sisal fiber. The name sisal fiber comes from Mexico where Maya
Indians used it for making ropes, clothes and carpets. Sisal fiber is mainly grown in
Brazil, Haiti, East Africa, India, Indonesia and China. The current estimated production
of sisal fiber is around 0.30 million tons per year [118–121]. In every sisal plant, there are
200–250 leaves with 1000–1200 fiber bundles in each leaf comprising 4% fiber, 0.75% cutile,
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8% dry matter and 87.25% water. Each leaf of sisal contains three forms of fibers, namely
mechanical, ribbon and xylem, of which the mechanical one is the most commercially useful
and is extracted from the periphery of the leaf. Sisal fibers can be extracted by either retting
or by mechanical means through decorticators. The mechanical method is more suitable
for obtaining good-quality fibers extracted with average yield 2–4% (15 kg/8 h). The
chemical composition of sisal fiber constitutes 67–78% cellulose, 10–14.2% hemicellulose,
8–11% lignin and 2% waxes [122]. Sisal fibers have low density and relatively high tensile
strength. The density of sisal fiber is in the range of 1.03–1.45 g/cm3, the tensile strength of
sisal fiber is in the range of 347–700 MPa, its Young’s modulus is reported in the range of
15.4–18.79 GPa whereas moisture content is reported as 11%. Elongation at break for sisal
fiber was reported to be 2.0–2.5% [123].

Sisal fiber possesses a higher percentage of cellulose among the different plant-leaves
cellulosic fibers and hence is thought to increase tensile properties. Moreover, sisal fibers
have higher resistance to water permeability, thus making it attractive for use in con-
struction applications. Sisal-reinforced composites represent higher impact strength with
moderate tensile and flexural strengths [124]. In recent years, there has been a continuous
effort for the development of sisal-fiber-reinforced composites with high strength in ten-
sion and compression. Liang et al. worked with long sisal fibe-reinforced and short sisal
fiber-reinforced biocomposites and observed significantly high mechanical properties for
long sisal fiber-reinforced composites. The results reveal holes and a fractured and uneven
surface of composites for short fibers due to fibers debonding from the matrix during
composite destruction. However, the fractured surface was clean, and the polymer matrix
had a good wrapping effect on longer sisal fibers. The results of short sisal fiber-reinforced
composites and long sisal fiber-reinforced composites after alkali treatment are illustrated
in Figures 12 and 13, respectively [125]. It has been reported that reinforcing sisal with
thermosets and thermoplastics results in increased mechanical properties. Prasad and
Rao prepared composites using sisal fiber as a reinforcement in polyester resin matrix.
The results reveal that the tensile strength of sisal/polyester increased by around 52%,
tensile modulus increased by 67%, flexural strength increased by around 45% and flexural
modulus increased by around 38% [126]. Hashmi et al. prepared the sisal/polypropylene
composite and observed that the tensile strength increased by around 36%, flexural strength
increased by 25.54% and impact strength increased by 56.52% [127]. In a recent study, Cas-
tro et al. investigated mechanical properties of untreated woven sisal fiber-reinforced green
high-density polyethylene composites. They produced the composites using woven sisal
fibers with a mass percentage proportion of 30:70 (fiber/matrix) and arranging 0◦/90◦ and
±45◦ stacking sequences and under low-cost manufacturing process based on hot compres-
sion molding. Their results showed a 39% increase in tensile strength, a 13% increase in
flexural strength, a 35% increase in flexural modulus and a 68% increase in ultimate strain
in comparison with traditional polyethylene without sisal fibers [128]. In another study,
sisal fiber was reinforced with poly-lactic acid (a biodegradable polymer). Results showed
that with sisal fiber inclusion, tensile strength, flexural modulus and impact strength in-
creased by 13.33%, 58.57% and 56.66%, respectively, whereas tensile modulus and flexural
strength decreased by 17.24% and 2%, respectively [129]. Savastano et al. used 8% sisal
pulp and blast furnace slag as a binder along with OPC in order to prepare composites and
observed a maximum flexural strength in the range of 18–20 MPa with an improvement
of at least 58% as opposed to that of the composites with fiber inclusion. Using kraft
pulps from sisal and banana waste and from Eucalyptus grandis pulp mill residue as fiber
reinforcement in cement-based composites showed an optimum performance with a 12%
mass fiber content, a flexural strength of around 20 MPa and fracture toughness in the
range of 1–1.5 kJ/m2 [130].

Baloyi et al. prepared sisal–glass composites by layering methods with varying sisal
fiber content treated with NaOH. They found that sisal fiber treated with 20% NaOH
placed in nine layers with four layers of glass showed a tensile strength of 57.6 MPa and
a flexural strength of 36 MPa [131]. Bahja et al. studied the effect of different treatments
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on the morphological properties of the sisal fiber and their effect in cement mortar. Their
results showed that sisal fiber treatment results in an increased thermal resistance. The
addition of sisal fibers by 4% mass of cement decreased the density of mortar and increased
its porosity. A reduction in compressive and flexural strengths of the mortar with treated
sisal fibers was noticed with satisfactory results for the elastic modulus of mortar [132].
Ren et al. conducted a study on the mechanical properties of sisal fiber-reinforced ultra-
high-performance concrete. Samples were prepared using 1, 2 and 3% sisal fibers with
lengths of 6, 12 and 18 mm. They noticed that sisal fiber had little effect on compressive
strength of ultra-high-performance concrete and reduced the flowability of the concrete
as well. Their results revealed that with 2% content of sisal fibers of 18 mm length, the
flexural strength and toughness of the ultra-high performance concrete increased by 16.7%
and 540%, respectively, compared to the control sample [133].

Figure 12. SEM images of (a) short sisal fiber-reinforced composites and (b) long sisal fiber-reinforced composites. Reprinted
with permission from Ref. [125]. Copyright 2021, with permission from MDPI.

It is a known fact that, after cracking, the inclusion of short fibers as a mass reinforce-
ment in fiber-reinforced concrete (FRC) mainly provides crack control due to the tensile
stress transfer capability across the crack surfaces of the fibers known as crack bridging. It
also improves the energy absorption capacity of the composites structures [134]. In this
manner, fibers provide significant resistance to shear across developing cracks and, there-
fore, FRC demonstrates a pseudo-ductile response, increased residual strength (especially
in tension) and enhanced energy dissipations capacities, relative to the brittle behavior
of plain concrete mixtures. Furthermore, the advantageous characteristics of FRC under
tension are also very important for the shear response of concrete structural members that
are governed by the tensile response of the fibrous material. Thus, fibers have proved to be
a promising non-conventional reinforcement in concrete elements under shear stresses due
to the beneficial cracking performance of FRC, and under specific circumstances, could
alter the brittle shear failures to ductile flexural ones. Different researchers worked on
the shear critical analysis and reported findings that are useful on the state of the practice
and for real-scale constructions [135]. Kytinou et al. reported the flextural properties
and enhanced short-term behavior of steel-fiber-reinforced composites through the finite
element method. The results explain that type of fibers, their volume fraction and aspect
ratio play a significant role in achieving better compressive and tensile properties. Samples
with higher amounts of reinforced fibers showed lower deformation at the same applied
load than with the lower amount and vice versa. Moreover, a higher amount of steel fibers
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in reinforced composites show higher post cracking stress and vice versa [136]. Choi et al.
also reported the crack mechanism of high-performance FRC that ultimately explain the
strain hardening response based on the length of fibers. The results show that tensile prop-
erties were significantly overestimated for FRC when individual segments were estimated
during a comparison of probabilistic and experimental results. This indicates that fiber
tension should not be applied directly in order to abstain from multiple cracks and strain
hardening behavior [137].

Figure 13. Sisal fibers (a) before alkali treatment, (b) after alkali treatment, (c) flexural strength test for short sisal fibers
reinforced composites and (d) flexural strength test for long sisal fibers reinforced composites. Reprinted with permission
from Ref. [125]. Copyright 2021, with permission from MDPI.
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The study of flowability is another important topic to discuss here. In an experimental
study, flowability of the cement paste with three different fibers, polypropylene, polyvinyl
alcohol and sisal, was examined. Results revealed that the increase in length and dosage
of each fiber decreased the flowability of cement paste. It was further revealed that the
flowability of cement paste with sisal fiber was the lowest [138]. Recently, the behavior
of sisal-reinforced concrete in exterior beam–column joints under monotonic loads was
studied. The authors replaced cement in the concrete mix by 0.5, 1, 1.5 and 2% sisal
fibers. Under gradually increasing loads, exterior beam–column joints with sisal-reinforced
concrete showed lower deflection and enhanced shear strength [139]. Silva et al. studied
the potential use of long aligned sisal fibers in thin cement-based laminates for semi-
structural and structural applications. Samples were prepared replacing OPC with 30%
metakaolin and 20% calcined waste crushed clay bricks. They prepared calcium-hydroxide-
free samples by replacing 50% cement by the calcined clays at 28 days of age. They observed
the ultimate tensile strength of calcium hydroxide free composites to be 13.95 MPa with an
increase of around 34% and toughness under tensile loads twice that of OPC composites.
They further noticed that quicker aging of calcium-hydroxide-free composites through hot
water immersion revealed an ultimate strength 3.8 times higher and toughness 42.4 times
greater than OPC composites under the same conditions [140].

3.1.2. Jute and Its Composites

Jute is one of the natural organic cellulosic fibers finding application in green com-
posites and is the most used cellulosic fiber after cotton [141–144]. Jute is a type of bast
fiber obtained from two species, namely Corchorus capsularis and Corchorus olitorius,
and is mainly grown in tropical regions of the world including India, Bangladesh and
China. Currently, jute production around the world is estimated as 2300 × 103 tons per year.
Jute fiber represents a complex mixture of chemical compounds that are produced during
the growth of fiber in the plant stem by photosynthesis process. Soil condition, climate,
development of the plant and retting process greatly influence the constituents of fiber. In
general, jute fiber is made up of 60% cellulose, 22% hemicellulose, 12% lignin, 1% fatty
and waxy matter, 1% nitrogenous matter, 1% mineral matter and 3% miscellaneous. The
main constituents i.e., cellulose, hemicellulose and lignin, essentially have influence on the
fiber’s structure, as others are very minor in proportion [145]. Jute fiber has a relatively
low density and high strength and stiffness. In general, jute fiber has a density of around
1.3 g/cm3, tensile strength of 393–773 MPa, Young’s modulus of 26.5 GPa and 1.5–1.8%
elongation. Jute fiber at 65% relative humidity and at 21 ◦C has a value of 12 for equilibrium
moisture content [146]. Jute is among the most-studied fibers for reinforcement in ther-
moset and thermoplastic polymers. Alshaaer worked with the synthesis and recyclability
of jute-reinforced geopolymers composites and reported four times higher flexural strength
of jute-reinforced geopolymers composites as compared to non-reinforced geopolymers
composites. Their results are illustrated in Figure 14 [147].

Figure 14. SEM micrographs of (a) jute fibers, (b) jute-fiber-reinforced geopolymers composites (lower magnification)
where 1 shows jute fibril and 2 shows geopolymer aggregates and (c) jute fibers reinforced geopolymers composites (higher
magnification) where 1 shows jute fibril and 2 shows geopolymer aggregates. Reprinted with permission from Ref. [147].
Copyright 2021, with permission from Frontiersin.
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Khondker et al. studied the effects of molding temperature and pressure on mechanical
and interfacial properties of polylactic acid and homo-polypropylene-based thermoplastic
composites using untreated and treated unidirectional jute yarns. Their results indicated
that molding condition at 175 ◦C and 2.7 MPa pressure was more appropriate for optimized
properties of the unidirectional jute fiber/polylactic acid composites. They noticed that
in the case of jute fiber/polylactic acid microbraid composites, maximum tensile stress
and modulus increased with an increasing fiber volume fraction. In case of jute/homo-
polypropylene composites, jute reinforcement caused increase tensile and bending prop-
erties of the composites, and with a 20% jute-fiber inclusion, jute/homo-polypropylene
composites showed remarkable improvement in tensile and bending properties [148]. Ra-
makrishnan et al. prepared jute/nano-clay/epoxy hybrid composites employing various
ratios of untreated and treated jute fiber and nano-clay and used the compression molding
technique to evaluate the dynamic mechanical and free vibration behaviors. They used var-
ious NaOH concentrations of 2.5%, 5% and 7.5% to modify the jute fiber surface. In order
to improve the dynamic properties of jute-fiber-reinforced epoxy composites, nano-clay
1, 3, 5 and 7 wt.% was added, along with the primary 5% NaOH treated jute fibers. Their
research revealed that the dynamic mechanical behavior is greatly influenced by NaOH
solution concentration and nano-clay content. Their results indicated that the jute treated
with 5% NaOH epoxy composites showed the peak storage modulus value of 3884.56 MPa
with a peak loss modulus value of 484.07 MPa. On the other hand, epoxy composites with
jute treated with 5% NaOH and 5 wt.% nano-clay showed a storage modulus peak value
of 4446.38 MPa and a loss modulus peak value of 544.04 MPa [149]. Yao et al. studied the
impact of jute fiber and polyvinyl alcohol (PVA) on flexural and fracture performance of
soil-cement column. Their results showed that presence of fibers considerably enhanced
the flexural performance and fracture energy of soil-cement. Furthermore, the inclusion
of fibers also successfully controlled the formation and propagation of plastic shrinkage
cracks at an early age and reduced the flexural strength loss under wet–dry cycles [150].

In a recent study, four fibers, namely piassava, tucum palm, razor grass and jute with
1.5, 3 and 4.5% mass addition of the composite binder, were used as reinforcement in cement
mortars to study the mechanical properties with 50% OPC with 40% metakaolin and 10% fly
ash. Fibers were treated using four techniques, namely washing in hot water, hornification,
8% sodium hydroxide treatment and hybridization in order to obtain improved physical
and mechanical properties. In this respect, sodium hydroxide treatment was selected
for jute fiber. Their results showed that treated fibers increased the performance of the
composites during mechanical testing. It was further noticed that the inclusion of treated
fibers above 3% increased the flexural strength than those without fibers [151]. A study
on the mechanical properties of the jute-reinforced geopolymer composite was carried
out by Sankar and Kriven. They revealed that the jute-reinforced geopolymer composite
showed a flexural strength of 20.5 MPa with an improvement in tensile strength from
8.8 MPa to 14.5 MPa with alkali-treated jute weaves. It was also revealed that the jute-
reinforced geopolymer composite could absorb an impact energy of 9.64 J on average [152].
Trindade et al. conducted a study on the mechanical properties of natural fibers using
metakaolin as an aluminosilicate source for a geopolymer with sodium hydroxide and
sodium silicate as an alkaline activator. A total volumetric fraction of 10% for the Jute and
sisal fibers were used for reinforcing the composite, and five layers each of jute and sisal
fibers were embedded. Jute- and sisal-fiber-reinforced geopolymer composites showed
a significant compressive strength at an average of 72.70 MPa at 7 days. They observed
an ultimate tensile strength of 6.31 MPa and an ultimate flexural strength of 15.21 MPa
whereas the modulus of elasticity was recorded at 14.92 GPa. They revealed that the
jute-fiber-reinforced geopolymer composite exhibited a strain capacity of 28.34 mm [153].

Bheel et al. studied the effect of jute fiber and wheat straw ash on the mechanical
properties of concrete. They used 0.25, 0.5, 0.75 and 1% jute fiber as reinforcement and 20,
30 and 40% wheat straw ash as a replacement for fine aggregates. Their results revealed that
composites reinforced with 0.5% jute fiber along with 30% wheat straw ash at 28 days were
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enhanced with values of 32.88 MPa, 3.8 MPa and 5.3 MPa for compressive, splitting tensile
and flexural strengths, respectively. Similarly, the modulus of elasticity for all compositions
increased as well, reaching 30.45 GPa for composites with 1% jute fiber reinforcement at
28 days. Authors also observed a decrease in permeability and workability of concrete
with increasing values of jute fiber and wheat straw ash in concrete [154]. Fonseca et al.
prepared fiber-cement-reinforced composites with NaOH-treated jute fibers, cellulose
nanofibrils and a hybrid of both Jute fibers and cellulose nanofibrils at 0.5 and 2% mass of
cement to study the physical and mechanical properties using an extrusion process. The
samples were subjected to natural weathering for 5 months before they were analyzed.
Their results revealed that composites reinforced with cellulose nanofabrils, the hybrid
(0.5% jute fiber and 1.5% cellulose nanofibrils) and 0.5% jute fiber had the highest apparent
density values. With an increase in the proportion of jute fibers and cellulose nanofabrils
from 0.5 to 2%, composites showed a reduction in apparent porosity values. The sample
reinforced with 2% cellulose nanofabrils showed a 75% reduction in apparent porosity.
The composite reinforced with 1.5% cellulose nanofabrils and 0.5% jute fibers showed the
strongest mechanical properties. Composites with all compositions showed a reduction in
the modulus of elasticity after natural weathering. On the other hand, hybrid reinforced
composites showed an increase, on average, of 1 MPa for the modulus of rupture and limit
of proportionality [155]. Table 3 summarizes the chemical composition and mechanical
properties of sisal and jute fibers.

Table 3. Chemical composition and properties of cellulosic fibers.

Fiber
Name

Chemical Composition (wt.%) Physico-Mechanical Properties Ref.

Cellulose Hemicellulose Lignin Density
(g/cm3)

Tensile Strength
(MPa)

Young’s
Modulus (GPa)

Elongation
at Break (%)

Equilibrium
Moisture

Content (%)

Sisal 67–78 10–14.2 8–11 1.03–1.45 347–700 15.4–18.79 2–2.5 12 [119,122,123]

Jute 60 22 12 1.3 393–773 26.5 1.5–1.8 12 [145,146]

3.2. Inorganic Fiber-Reinforced Geopolymer Composites

The use of inorganic fibers like asbestos dates back to prehistoric time. During the past
decades, efforts have been focused on developing high-performance materials that could
meet the requirements of improved tensile strength and modulus values. Among them,
inorganic fibers with improved mechanical properties have been employed in polymers
to produce composites of enhanced properties. Glass, basalt, boron, boron carbide, boron
nitride, zirconia, silicon carbide and silicon nitride are among the many inorganic fibers
being used for producing composites. Due to their low cost, inorganic fibers are being
replaced with carbon fibers in high temperature-resistance applications. The addition
of inorganic fibers in polymers significantly improves physical, structural, thermal and
rheological behaviors of the composites. Inorganic fibers contain mainly alumina and silica
and have high melting temperatures. Low cost, chemical stability and good insulating
properties along with enhanced mechanical properties make them attractive for use in
different industries including civil engineering. The percentage increase of silica to alumina
enhances the tensile strength but it negatively affects the modulus with 100% alumina
content. Inorganic fibers with 52% Al2O3 can withstand 1250 ◦C, and with a further increase
in alumina content, can resist even higher temperatures. Metakaolin-based geopolymers
reinforced with high alumina fibers at 600–1000 ◦C show improved mechanical strength,
high energy absorption and reduced shrinkage [156]. However, Welter et al. indicated the
weaknesses of some inorganic fiber composites in high-temperature applications [157].

3.2.1. Basalt and Its Composites

Basalt, being an eco-friendly, nontoxic and affordable material, is gaining popularity
for reinforcing composites. Basalt fiber, among the new materials of the 21st century, is
broadly employed in many fields including aerospace, construction, the chemical industry,
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agriculture, medicine and electronics. Basalt fiber was extensively used in military and
aeronautical applications during the second world war. Basalt is obtained from volcanic
rocks that are dark in color and form as a result of the solidification of volcanic lava.
Basalt flows mainly contain SiO2 along with Al2O3, Fe2O3, FeO, CaO and MgO. Basalt
rocks are classified into alkaline, mildy acidic and acidic according to the SiO2 % content
present; of which acidic basalts satisfy the conditions for fiber preparation [158]. Basalt
fibers are obtained in a fine-fiber shape of 9–13 µm diameter by melting and beating
through the centrifugal blowing process of basalt rocks above 1500 ◦C [159]. Basalt fibers
are receiving more attention for use in civil engineering because of their low density,
high fatigue strength, low water absorption, good heat and insulation properties, good
processability along with cheap fabrication process compared to glass and carbon fibers
and high chemical resistance [160–162]. Basalt fibers have higher strength values than
other inorganic fibers; for example, basalt fibers have a higher tensile strength than E-
glass and their strain to failure is greater than that of carbon fiber. Another advantage
of basalt fiber is its reasonable resistance to acid attack; however, basalt corrodes in an
alkaline environment [163]. Basalt fibers have a high melting point ~1000 ◦C and are more
suitable for high-temperature-resistant applications than cellulosic fibers. Basalt fibers have
moisture absorption less than 0.02% for 24 h with a moisture regain value of 1. Basalt fibers
show a significant resistance at high temperatures for a short time period, up to 750 ◦C, and
for longer exposure in 260–700 ◦C and even in some cases up to 1000 ◦C. Basalt fibers lose
20–25% of their initial strength without losing insulation properties [164]. Chopped basalt
fibers with different length and the effect of alkali or acid treatment are very important
factors during composite preparation. Acid or base treatments are obliged to add abundant
functional groups on the surface of basalt fibers. It is reported that during alkali treatment,
basalt fibers provides more rough surface than untreated samples, whereas a very smooth
and clean surface is observed for acid treatment as shown in Figure 15 [165].

Figure 15. (A) Different types of chopped basalt fibers from left to right: With fiber length of 24 mm,
12 mm and 6 mm, respectively, (B) morphologies of basalt fibers (a) untreated, (b) HCl treated and
(c) NaOH treated. Reprinted with permission from Refs. [165,166]. Copyright 2021, with permission
from MDPI and Elsevier.
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The inclusion of basalt fibers into carbon-epoxy composites increases the absorbed
impact energy of the composites. In a previous study, vinylester and epoxy reinforced
with basalt fibers were tested for structural applications. The results showed that the
ultimate tensile strength of basalt/epoxy composites increased by 29% and compressive
strength increased by 85% as compared to basalt/vinylester composites. It was observed
that the failure mode in compression was the same for both types of composites. Kim et al.
investigated the effects of modified carbon nanotube/epoxy/basalt on the flexural and
fracture properties. Carbon nanotubes were modified with silane treatment and acid treat-
ment. Their results showed that silane-treated carbon nanotube/epoxy/basalt composites
had an increase in flexural strength and flexural modulus by 14% and 10%, respectively,
compared to acid-treated composites. The fracture toughness of silane-treated compos-
ites showed an increase of 40% compared to acid-treated carbon nanotube/epoxy/basalt
composites [167]. Szabo and Czigany studied the static properties of short fiber-reinforced
polypropylene composites using basalt and ceramic as a reinforcement with 5, 15 and
25 wt.%. Their results showed that fracture toughness greatly depends on the type and
direction of the load and thickness. It had been noticed that the characteristic damage form
was pull out in transverse and debonding in longitudinal directions [168]. Zhang et al.
studied the tensile, flexural and impact properties of basalt-fiber-reinforced poly(butylene
succinate) composites. Their results revealed that tensile strength and modulus gradually
increased with increasing basalt fiber content. It was observed that tensile strength of the
composite increased from 31 MPa to 46 MPa with basalt content increase from 3 vol.% to
15 vol.%. Moreover, the increase in tensile strength at higher loadings of basalt fiber was
comparatively smaller than those at lower loadings. Flexural strength of the composite
was observed to increase from 18 MPa to 71 MPa with an increase of basalt fiber from 0 to
15 vol.%. Similarly, the flexural modulus also increased from 551 MPa to 3.8 GPa. It was
also observed that the impact strength of the basalt-reinforced poly(butylene succinate) did
not change at 3 vol.% fiber loading, and with further loading, impact strength increased
linearly between 5 and 15 vol.% with its highest value of 7.5 kJ/m2 at 15 vol.% [169].

Punurai et al. studied the mechanical properties, microstructure and drying shrinkage
of hybrid fly-ash–basalt fiber-reinforced geopolymer paste by replacing fly ash with basalt
fiber at 0, 10, 20, 30, 40 and 100%. Their results showed that the inclusion of basalt fiber
resulted in increased setting times and the initial, and final setting times with 100% basalt
fiber inclusion were 280% and 110% higher than that of 100% fly ash geopolymer paste.
The 7-day compressive strength of the geopolymer paste with 40% basalt fiber inclusion
was recorded as 112% higher than that of the 100% fly ash geopolymer paste, whereas the
28-day compressive strength of the same sample was 118% higher than the 100% fly ash
geopolymer paste. The flexural strength also increased with an increasing content of basalt
fiber. The 28-day flexural strength of the sample with 40% basalt fiber content was noted
as 64% higher than the 100% fly ash geopolymer paste. Their results indicated that the
drying shrinkage of geopolymer paste decreased with increasing basalt fiber content [170].
Figure 16 shows the four-point flexural test results for basalt-fiber-reinforced geopolymers
composites [166].

Li and Xu studied the dynamic compressive strength, deformation and energy absorp-
tion of basalt-fiber-reinforced geopolymeric concrete. They observed that the inclusion of
0.1 and 0.2% of basalt fiber resulted in 10.1 and 30.9% reduction in dynamic compressive
strength whereas with 0.3% basalt fiber, there was no substantial change in dynamic com-
pressive strength. With 0.3% basalt fiber addition to geopolymer concrete, critical strain at
the strain rate of 100 s−1 increased by 7.7% resulting in improved deformation capacity
of the geopolymer concrete. Furthermore, the addition of 0.3% basalt fiber results in an
increase of 8.9–13.2% in specific energy absorption at the strain rate from 40 to 100 s−1

showing a noticeable improvement in energy absorption capacity [171]. Yang et al. studied
the effects of basalt fiber content on the uniaxial compressive mechanical properties of
concrete. Their research showed that 6 kg/m3 of basalt fiber in concrete could improve
the compressive strength and could reduce the density and intensity of acoustic emis-
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sion. They concluded that with the increase in basalt fiber content, local damage could
be effectively weakened. Their results showed that the proper amount of basalt fiber in
concrete delayed the early cracking and reduced the transverse strain of concrete [172].
Shen et al. conducted a study on reinforced concrete beam-column joints by strengthening
them with basalt-fiber-reinforced polymer sheets in different ways under cyclic loads. Their
results showed that overall seismic performance of the joints strengthened with basalt-
fiber-reinforced polymer sheets was enhanced noticeably, and there was good interface
behavior between the concrete and basalt-reinforced polymer sheets. They also observed
that load-bearing capacity, ductility and stiffness of joints increased by strengthening with
basalt-fiber-reinforced polymer sheets. Likewise, the energy dissipation capacity of the
joints with basalt-fiber-reinforced polymer sheets also increased [173].

Figure 16. Four-point flexural strength test with varying fiber length of basalt chopped fibers. Reprinted with permission
from Ref. [166]. Copyright 2021, with permission from MDPI.

3.2.2. Glass and Its Composites

Glass fiber is one of the most common reinforcement in polymer composites. It is a
strong, less brittle, lightweight and cost-effective material. The application areas of glass
fibers include automobile, marine, sports, leisure goods, aerospace and the construction
industry [174–176]. In the construction industry, glass fibers are mainly used for the pro-
duction of fibrocement-based objects and for external strengthening of existing buildings.
The global production of glass fiber accounts for about 5 million metric tons annually
and it is estimated that the global market value will reach more than $21 billion in 2025.
The use of glass dates back to ancient times e.g., many ancient Egyptian ships were made
by winding glass fibers on a rim of clay of appropriate form. Commercial production
of glass fiber started in 1930s by the Owens-Illinois Glass Company. There exist many
groups of glasses including silica, oxynitride, phosphate and halide of which silica glasses
are used for composites reinforcement. Glass fibers are manufactured by using different
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types of broken glass that contain silica along with other components like alumina, oxides
of calcium, magnesium and boron. The manufacturing process of glass fiber involves
high-temperature conversion of raw materials into a homogeneous melt that is later con-
verted into glass fibers. The production process has three phases, namely raw material
handling, glass melting and refining and fiber formation. Glass fibers are produced in many
forms, including continuous fiber, rovings, staple fiber and chopped strand. The mixing of
continuous and chopped-strand glass fibers with resin is more common. Depending on the
chemical composition and end use, glass fibers are characterized into many classes, namely
C-glass, D-glass, R-glass, E-glass and S-glass [177]. E-glass, S-glass and C-glass are the
leading glass fibers, with E-glass being most widely used in composites because of its low
cost and relatively low moduli. S-glass fibers are stiffer and stronger than E-glass and have
better resistance to fatigue and creep. E-glass are alumino-borosilicate and are mainly used
for glass-reinforced plastics, while S-glass are also alumino-silicate with no CaO content
and the highest value of tensile strength among all glass fibers and are mainly used in
aircraft components and missile casings [178]. AR-glass fibers represent good resistance
in alkaline media and are being used in cement substrates and concrete. C-glass fibers
have good resistance to chemical resistance [179]. Figure 17 gives a random orientation of
AR-glass fibers [180].

Figure 17. AR glass fibers. Reprinted with permission from Ref. [180]. Copyright 2021, with
permission from Elsevier.

The main advantages of glass fibers are excellent high tensile strength and low cost
of production. The structure of glass fibers is amorphous and the Young’s modulus of
glass fiber is same as in the bulk form of glass. While the strength-to-weight ratio of glass
fibers is high and elastic modulus is low, they increase stiffness and reduce elongation
of plastic composites. Glass fibers have a high ratio of surface area to weight, and this
makes them vulnerable to chemical attacking. On the other hand, glass fibers have a
good thermal insulation property. The main drawbacks of glass fibers are their relatively
low elasticity modulus, reduced long-term strength and weak resistance to moisture and
alkaline mediums. Other drawbacks of glass fibers are their high sensitivity to abrasion
during handling, poor fatigue resistance and high hardness.

Faizal et al. studied the tensile behavior of a plane-woven E-glass fiber-reinforced
polyester composite. Composites were prepared using a symmetrical and non-symmetrical
lay-up of glass fibers and were cured at different curing pressures. Their results revealed
that for both symmetrical and non-symmetrical lay-ups, the tensile modulus decreased
with increasing curing pressure. They observed a common stiffness characteristic for both
symmetrical and non-symmetrical arrangements at a curing pressure of about 87.1 kg/m2.
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For the symmetrical lay-up arrangement, ductility decreased with an increasing curing pres-
sure whereas it increased with increasing curing pressure in the case of the non-symmetrical
lay-up arrangement [181]. Kushwaha and Kumar investigated the mechanical properties
of the bamboo glass mat (strand and woven)-reinforced epoxy and polyester laminate com-
posites. They found that in the glass strand mat and bamboo epoxy composites, improved
tensile strength and tensile modulus could be achieved with a comparatively lower weight
percentage of glass fibers along with bamboo fiber reinforcement. The same behavior
was noticed for flexural strength as well; however, the flexural modulus increased with
higher percentages of glass fiber, whereas in woven glass mat and bamboo-reinforced
epoxy composites, tensile strength and modulus and flexural strength and modulus in-
creased with the increase in glass fiber content. The same results were observed for the
polyester-based composites [182]. Devendra and Rangaswamy investigated the mechanical
properties of E-glass fiber-reinforced epoxy composites using varying concentrations of
fly ash, aluminum oxide, magnesium hydroxide and hematite powder as fillers. Their
results revealed that the composite filled by 10 vol.% of magnesium hydroxides showed
the maximum ultimate strength when compared with other filled composites. High impact
strength was observed with 10 vol.% of fly ash, whereas aluminum oxide and magnesium
hydroxide showed good impact strength at 10 vol.% and their further increase led to a
reduction in impact strength. Results showed that impact strength increased with the
increasing amount of hematite powder. Furthermore, the hardness of composites increased
with an increasing amount of magnesium hydroxide, aluminum oxide and hematite and
decreased with the increasing amount of fly ash. Magnesium hydroxide exhibited the
highest hardness number when compared to other fillers [183].

Etcheverry and Barbosa studied the glass fiber/polypropylene adhesion improve-
ments. They revealed that in-situ metallocenic polymerization of propylene on the glass
fiber surface increased the adhesion between polypropylene matrix and glass fiber re-
inforcement [184]. In a previous study, the mechanical behavior of E-chopped strand
glass fiber-reinforced wood sawdust/polyvinyl chloride composites with 50% wood were
examined. The varying percentages of glass fiber were 10, 20 and 30% with initial fiber
lengths of 3, 6 and 12 mm. The results showed that the stiffness and strength of wood
sawdust/polyvinyl chloride composites improved with increasing glass fiber content.
Composites reinforced with 30% glass fiber with a final length showed greater tensile and
flexural strength and moduli. Increasing the glass fiber content led to an increased impact
strength of wood/polyvinyl chloride composites, whereas elongation at break slightly
decreased with an increasing content of glass fiber. A reduction in percentage shrinkage of
the composites occurred with increasing glass fiber content [185]. Chen et al. studied the
mechanical properties of a polyamide66/polyphenylene sulphide blend reinforced with 5,
10, 20 and 30% volume content of glass fiber. Their results showed that the inclusion of
glass fiber significantly improved the tensile strength, flexural strength and hardness of the
composites but decreased the impact strength of the blend. The maximum tensile strength
and flexural strength were achieved with 30 vol.% and with 25 vol.% of glass fiber, respec-
tively [186]. Cheng et al. investigated the mechanical properties of glass-fiber-reinforced
cement with fly ash or slag after natural curing for 28, 180 and 360 days and accelerated
aging at 80 ◦C for 8 days. They used 3% glass fiber content by weight of the total solid
mix by replacing an equal quantity of sand, whereas fly ash or slag were added at a ratio
of 0%, 20% and 40%, respectively. Their results showed that regardless of admixture, the
modulus of rupture of glass-reinforced cement increased with an increase in curing time
and its value was noted as being higher than that of the mortar without glass fiber. They
further observed that after 8 days of accelerated aging at 80 ◦C, the modulus of rupture
of glass-reinforced cement without any admixture decreased radically and had a lower
value than that of glass-reinforced cement with natural curing for 360 days and mortar
without glass-fiber accelerated curing for 880 ◦C. They concluded that fly ash and slag
could improve the long-term strength of glass-reinforced cement but could not constrain
the toughness degradation of glass reinforced cement mortars [187]. Fang et al. inves-
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tigated the compressive, flexural strength and water resistance of fiber-glass-reinforced
magnesium phosphate cement mortar with fiber volume fractions of 1.5%, 2.5%, 3% and
3.5%, respectively. Their results revealed the optimal volume fraction of glass fiber at
2.5% and that the glass fibers had more noticeable effects on the flexural strength than
on compressive strength. They further observed that the water-resistance performance
in the compressive and flexural strength might not be improved with glass fiber mag-
nesium phosphate cement mortars [188]. Gese et al. investigated the performance of
AR-glass-reinforced mortar composite in flexural strengthening of RC beams considering
three factors, namely age (3, 7 and 28 days) of AR-glass reinforced mortar, number (2, 3
and 4) of AR-glass-reinforced mortar layers and the pre-cracking level (no pre-cracking,
50% and 100% of the yielding load). It was observed that the AR-glass-reinforced mortar
external reinforcement decreased the ductility of the beams. Their results showed a 49%
increase in yield load for 28-day beams and 33–30% for 3–7-day beams, respectively. The
ultimate load was considerably improved by AR-glass reinforcement and increased by
31%, 54% and 72% for the beams strengthened with two, three and four layers, respectively,
whereas AR-glass-reinforced mortar ages and pre-cracking had no significant differences
in the ultimate load for beams. Although pre-cracking affected the crack load, it modified
the behavior of stage II of the flexural test. Higher stiffness noted in stage II implied better
performance in pre-cracked beams for yield loads than that of crack load increase [189].
Table 4 summarizes the chemical composition and the mechanical properties of basalt and
different types of glass fibers.

Table 4. Chemical composition and properties of inorganic fibers.

Fiber Name

Chemical Composition (wt.%) Physico-Mechanical Properties Ref.

SiO2 Al2O3 CaO MgO Fe2O3 Na2O B2O3 Others Density
(g/cm3)

Tensile
Strength

(MPa)

Young’s
Modulus

(GPa)

Elongation
at Break (%)

Basalt 52.8 17.5 8.59 4.63 10.3 3.34 - ~3.34 2.65–2.83 3000–4840 89–110 3–3.15 [99,158]

E-glass 52–56 12–16 16–25 0–5 - - 5–10 - 2.58 1.7–3.5 69–72 4.8

[177]S-glass 65 25 - 10 - - - - 2.48 2–4.5 85 5.7

AR-glass 55–75 0–5 1–10 - - - 0–8 - 2.7 3.24 73.1 4.4

C-glass 65 4 14 3 - - 5.5 - 2.52 1.7–2.8 68.9 4.8

4. Summary and Future Direction

• This paper represents the inclusion of selective cellulosic and non-cellulosic fibers
in geopolymers-based, fiber-reinforced concrete composites from a construction and
civil engineering perspective. Geopolymers are the relatively new materials being
employed in the construction industry to replace the use of traditional concrete ma-
terials. Due to a number of advantages, interest in developing, characterizing and
implementing the use of geopolymers in the construction industry is growing.

• Geopolymer cement-based materials are developed using alumina silicate sources,
with fly ash, metakaolin and GGBFS being the most-used ones. First, the properties
and uses of these alumino-silicate materials were briefly discussed and represented
in this paper. Moreover, the second part discussed the inclusion of fibers as a rein-
forcement in concrete composites. It is well-known that geopolymers alone cannot
respond adequately to certain mechanical properties and hence need to be employed
in combination with other suitable materials.

• As discussed in this paper, geopolymers are weak in tension and possess brittle be-
havior that represents poor tensile/flexural properties. To overcome this problem,
one such solution is the inclusion of fibers in geopolymers-based composites. Natural
fibers are gaining attention regarding their use in composites due to a number of
reasons, including their relatively low density, excellent strength and environmen-
tal friendliness.
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• This paper examines the use of cellulosic and non-cellulosic fibers in composites for
the construction industry. A brief description of sisal, jute, basalt and glass fibers are
discussed in this context and represent some recent works conducted in the area.
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